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Rapid naked-eye detection of Gram-positive
bacteria by vancomycin-based nano-aggregationf

Cheong Shin,}? Ha Neul Lee,t? Jea Sung Ryu? and Hyun Jung Chung & *2°

Development of a rapid, point-of-care assay for diagnosing bacterial infections is crucial for subsequent
treatment of the patient and preventing the overuse of antibiotics. Herein, we describe a rapid, one-step
colorimetric assay based on the formation of nano-aggregates using nanobeads targeting Gram-positive
bacteria. Vancomycin was immobilized onto blue-colored polymeric nanobeads to induce specific and
multivalent binding with the Gram-positive bacterial cell wall and subsequent agglomeration. Without
any pre-processing steps, the addition of various types of Gram-positive pathogens to the nanobeads
resulted in the formation of blue precipitates, which could be observed with the naked eye in ~30 min.
We also utilized a porous filter system for the assay, which allowed discrimination of Gram-positive
targets with higher selectivity, and demonstrated feasibility as a simple diagnostic assay with minimal
technical components. We anticipate that the nanobead aggregation assay can be potentially applied as
a rapid and simple sensing platform, which can be easily miniaturized and enable point-of-care diagnosis

rsc.li/rsc-advances of Gram-positive infections.

Introduction

Infectious diseases caused by bacterial pathogens have been
threatening communities worldwide, showing high incidence
of morbidity as well as mortality.”> Among the various patho-
gens causing the infections, Gram-positive and Gram-negative
bacteria show substantial differences in molecular structure
and biological function, allowing them to be differentially tar-
geted for treatment.** For decades, antibiotics such as amino-
glycosides, carbapenems, cephalosporins, and glycopeptides,
have been used, which act on a broad spectrum of microbes by
targeting bacterial functions or growth processes, including the
binding and inhibition of cell wall components, modifying cell
membrane structure, or interfering with essential bacterial
enzymes involved with DNA replication or protein synthesis.>™®
Generally, the antibiotics have been prescribed in large dosages,
separately or in combinations, which target a broad spectrum of
Gram-positive and Gram-negative pathogens, without per-
forming any experimental assay for classification of the path-
ogen prior to treatment.>'* This has led to serious problems
such as resulting in poor therapeutic efficacy and survival of the
patient, subsequent spread of infection to the community, and
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the emergence of superbugs with multidrug resistance.”** The
rapid discrimination of Gram-positive and Gram-negative
pathogens can greatly reduce the overuse of antibiotics, allow-
ing proper treatment and improvement in patient survival,
preventing further transmission, and reducing the spread of
antimicrobial resistance."*"” However, a rapid and simple
diagnostic test that can be easily applied in the clinic has been
lacking.

The current gold standard for diagnosing bacterial infec-
tions in the clinic is microbial culture."® Not only is the
method labor-intensive and time-consuming (~2 days to several
weeks) but also shows high incidence of false-positive results
due to contamination. The utilization of molecular diagnostic
techniques such as quantitative real-time polymerase chain
reaction (qQPCR), enzyme-linked immunosorbent assays (ELISA),
and nucleic acid hybridization provides a great advantage in
achieving high specificity, however show limitations due to the
involvement of complex sample processing steps requiring
trained personnel and experimental setup.®?* The develop-
ment of rapid diagnostic techniques, such as automated qPCR-
based devices, DNA microarrays, and miniaturized immuno-
assay platforms, has greatly increased the speed of the assay
while simplifying the complex processing procedures.*?>*
However, problems still remain for applying these methods into
the clinic, since automated devices involve large and expensive
instruments, while small-scale microarray or immunoassay
platforms still lack the sensitivity and specificity.>”**

Rapid sensing technologies utilizing fluorescence, magnetic,
or colorimetric detection have been introduced as novel
approaches as diagnostic assays for various disease targets.>*™*°
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Among these, a colorimetric detection method allowing naked-
eye detection would be advantageous and easily applicable as
a bedside assay in point-of-care settings. Detection based on
molecularly induced aggregation have been usefully applied
since they can be designed as a simple assay involving a one-
step, wash-free procedure.”*® Aggregation-based assays using
gold nanoparticles have been one of the most widely studied,
and have been applied for diagnosing diseases such as cancer
and infectious diseases.***® For bacteria, studies based on the
aggregation of gold nanoparticles utilizing concanavalin A,**
cell wall peptide subunits,* and boronic acid derivatives*® were
reported, however could not distinguish various types of Gram-
positive pathogens from Gram-negative bacteria. Another
method using platinum-coated magnetic nanoparticle clusters
for immunoseparation and colorimetric detection has been
reported, however a washing step was required and also allowed
the detection of a single type of pathogen.*” For ubiquitous
detection of Gram-positive bacteria, a rapid labeling approach
using magnetic nanoparticles with vancomycin as the targeting
ligand was introduced, but required the use of a biolumines-
cence or magnetic detection device.*®** Fluorescent light-up
probes using the vancomycin ligand to target Gram-positive
bacteria have also been developed, but still requires the use of
a UV illumination device and remains to be validated in various
other types of pathogenic bacteria that are clinically relevant in
infections.*

Herein, we report a rapid and simple colorimetric assay (NB-
vanco assay) based on the use of nanobeads functionalized with
the vancomycin ligand to target Gram-positive bacteria. Blue-
colored polymer nanobeads (NBs) were surface-immobilized
with vancomycin (NB-vanco), which then forms nano-
aggregates when added with Gram-positive bacteria as the
target due to the multivalent and specific interactions of van-
comycin on the nanobead and the p-alanyl-p-alanine (p-Ala-p-
Ala) subunits on the bacterial cell wall. Nano-aggregation would
result in the formation of blue-colored precipitates, which can
be visualized with the naked eye. We show that this one-step,
wash-free method can be used to differentially detect various
types of Gram-positive pathogens that are clinically relevant in
hospital-acquired infections, without the involvement of any
pre-processing or amplification procedures. Furthermore, we
introduce a robust platform based on a porous filter system,
which allows signal enhancement by minimizing background
signals, and images of the results can be obtained using a smart
mobile device for analysis. The current method can be usefully
applied as a rapid and simple assay for diagnosing Gram-
positive infections, which shows great advantages for applica-
tions at the bedside in the clinic or in point-of-care settings.

Experimental
Materials and reagents

Polybead® carboxylate blue dyed nanobeads were purchased
from Polysciences, Inc. (USA). Dulbecco’'s phosphate buffered
saline (PBS) was provided by GenDEPOT (USA). Bovine serum
albumin, 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
(EDC), and N-hydroxysuccinimide (NHS) were purchased from

This journal is © The Royal Society of Chemistry 2018

View Article Online

RSC Advances

Sigma-Aldrich. Fetal bovine serum (FBS) was provided by
WELGENE. Vancomycin hydrochloride was provided by Bio
Basic, Inc. (Canada). Ultrafree-MC SV centrifugal filters (pore
size 5 pm) were purchased from Merck Millipore (Germany).
Tryptic soy broth, Luria-Bertani broth, nutrient broth, and
Todd-Hewitt Broth were provided by MB Cell (USA).

Bacterial culture

Staphylococcus aureus 3881, Klebsiella pneumoniae 12 385, and
Bacillus subtilis 1021 were provided from the Korean Collection
for Type Cultures (KCTC). Streptococcus pneumoniae 4059 was
obtained from the Culture Collection of Antimicrobial Resistant
Microbes (CCARM). Enterococcus faecalis 51 299 and Escherichia
coli 22 366 was provided by American Type Culture Collection
(ATCC) and Asan Medical Center, respectively. For culture, S.
aureus, K. pneumoniae, and E. faecalis were inoculated in tryptic
soy broth. E. coli and B. subtilis were inoculated in Luria-Bertani
Broth. S. pneumoniae was cultured in Todd-Hewitt Broth. The
bacteria were grown in a shaking incubator for 18-24 h, and
washed in PBS including 2 v/v% FBS and 1 ug ml~" BSA (PBS++).

Synthesis of NB-vanco

1.68 x 10" of carboxylate blue dyed nanobeads (300 nm
diameter) dispersed in 1 ml of water were transferred to 2 ml of
100 mM 2-(N-morpholino)ethanesulfonic acid (MES, pH 5.3).
After incubation at room temperature for 1 h with shaking (35
rpm) for hydration, 8 mg of EDC and 5.7 mg NHS were added.
After 30 min, the unreacted reagents were removed by repeated
centrifugation and washing with PBS. The activated beads were
then dispersed in 2 ml PBS, and added with 4 mg of vancomy-
cin. After reaction for 12 h at room temperature with gentle
agitation (35 rpm), the beads were washed by repeated centri-
fugation and addition of PBS. The final product was recon-
stituted in 2 ml PBS and stored at 4 °C.

Physicochemical characterization of NB-vanco

Zeta potential measurements of NB-vanco were performed
using ELSZ-2000ZS zeta potential analyzer (Otsuka Electronics,
Japan). For X-ray photoelectron spectroscopy (XPS), the NB-
vanco solution was freeze-dried for 24 h, and then analyzed by
Sigma Probe (Thermo VG Scientific) with an Al Ko X-ray source.
Scanning electron microscopy was performed for NB and NB-
vanco using SU-5000 (Hitachi, Japan).

Validation of the NB-vanco assay

1.59 x 10° of NB-vanco or unmodified NB were dispersed in 50
ul of PBS containing 2% FBS and 1 pg ml~' BSA (PBS++).
Concentration of the NB-vanco solution was adjusted so that
the absorbance at 600 nm was 0.6. The cultured bacteria were
washed 3 times with PBS++. For each assay, 1.59 x 10° of NB-
vanco or NB in 50 pl of PBS++ were added with 50 pl of the
bacteria (3.1 x 10" cells per pl ~ 5.0 x 10° cells per ul) and
incubated for pre-determined time periods. For bulk absor-
bance measurements, 1.5 pl of the upper phase of the assay
solution was used to measure the absorbance at 600 nm using
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Fig.1 Overall scheme illustrating the NB-vanco assay for detection of Gram-positive bacteria. Nanobeads functionalized with vancomycin (NB-
vanco) are added with Gram-positive bacteria, which form nano-aggregates with blue color, and can be detected with the naked eye. The red
dash-line indicates the hydrogen bond interaction between vancomycin and p-Ala-p-Ala subunits on the bacterial cell wall.

Nanophotometer P330 (IMPLEN, Germany). Images of the assay
solutions in sample tubes including the nano-aggregates were
acquired with iPad Air2. For microscopic characterization, the
nano-aggregates were applied onto a Petri dish and first
observed by bright field (10x) using a fluorescence microscope
(Ti-E, Nikon, Japan). For fluorescent microscopy, bacteria were
fixed with 4 v/v% formaldehyde solution in PBS (4% FPBS) for
40 min, followed by staining with 4',6-diamidino-2-
phenylindole (DAPI), before the assay. After performing the
NB-vanco assay, aggregates were applied onto a glass slide
(Ground edge frosted, 76 x 26 x 1 mm, MARIENFELD) and
observed under a fluorescence microscope (Ti-E, Nikon, Japan)
at high magnification (60x). For scanning electron microscopy,
the aggregates were fixed in 4% FPBS for 30 min, dehydrated
with graded ethanol solutions (30%, 50%, 70%, 80%, 90%,
100%), and mounted on a Si-wafer. The aggregates on the Si-
wafer were coated with Pt (5 mA, 60 s), and observed using
a scanning electron microscope (SU-5000, Hitachi, Japan) with
an electron beam of 5 kV at low damage mode.

Integration of the porous filter system

The NB-vanco assay was integrated with a porous filter system
using centrifugal filter membranes with pore sizes of 5 um
(Ultrafree-MC SV, Millipore). The assay was performed by add-
ing 1.59 x 10° of NB-vanco with the bacterial targets in 100 pl

25096 | RSC Adv., 2018, 8, 25094-25103

and incubating for 30 min. The assay solution was then trans-
ferred to the porous filter units, and applied with weak
centrifugal force (2000g) for 10 seconds using Mini Micro-
centrifuge (GMC-260, Daihan Labtech Co., Ltd.). Images of the
filter membranes were taken using iPad Air2 (Apple), with sizes
adjusted to 660 x 660 pixels. For quantification, the images in
RGB color format were transformed using MATLAB into
CIEL*a*b* color space which reflected the intensity of the
original blue colors. The number of pixels for each image was
counted for the different b* values, and analyzed to determine
threshold for the cut-off value.

Image analysis and quantification

Image acquisition and analysis of the assay results in sample
tubes or from the porous filter system was performed as follows:
images were obtained so that the sample tubes from the side or
whole area of the filter membrane from the top were captured
using iPad Air2, after performing the assay. The obtained
images were then adjusted to a size of 30 x 30 pixels for sample
tubes or 660 x 660 pixels for porous filter system using the
Image J software (NIH). The adjusted images were converted to
CIEL*a*b* color space using MATLAB (2017a). Then, the
b* coordinate values in the images were counted based on
a determined cut-off value (b* = —9). The cut-off was deter-
mined based on the b* coordinate value which was mean

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra03540g

Open Access Article. Published on 12 July 2018. Downloaded on 10/19/2025 4:12:50 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

@ <1

View Article Online

RSC Advances

ot
z@fﬁ

RN
7

EDCNHS %/ Vancomycin /7
. COOH —_— — :ﬁo
./ . & Q
Carboxylated J
nanobead (NB) NB-vanco
(b) (©) N1s scan
NB NB-vanco T
A-SO (1 ) NB 1s NB
g - =
= 32 s o, G
=34 c / < f mm ’
© = S
3= -36 Q W"“—-"N Q
@ o &)
¢6 -38 ; - ;
50 | (2) NB-vanco L —Cis ‘% | NB-vanco
© 2 @
o 42 ko) 3
N 44 £ O, k=
/ N1s
- w
1 OAOO 5(‘)0 o 410 405 400 395

Binding Energy (eV)

Fig.2 Synthesis and characterization of NB-vanco. (a) NB-vanco is synthesized by the EDC/NHS reaction between amine groups of vancomycin
and carboxyl groups on the nanobeads. (b) Zeta potential measurements of NB-vanco. Data are expressed as mean =+ s.d. (c) XPS binding energy

spectra of (1) unmodified NB and (2) NB-vanco.

(sample) < mean (control w/o bacteria) — 3 x standard devia-
tion (control w/o bacteria).” Measurements of average sizes of
the aggregates from the images were performed using the
particle analyze function of Image J. Particles that were larger
than 5 pum in size were counted.
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Fig. 3 Characterization of the NB-vanco assay. (a) Images of sample tubes taken with iPad Air2 according to various assay time (2.5 x 10°
bacterial cells per pl). (b) Absorbance measurements of the assay solutions with different assay time. The decrease in absorbance values results
from precipitation of NB-vanco with bacteria. (c) Absorbance measurements of the assay solutions at 30 min assay time. Data are presented as

the mean + s.d. (n = 5; *p < 0.01; **p < 0.001).
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(scale bar, 25 um). (b) Fluorescence microscopy (blue: DAPI) and (c) scanning electron microscopy of the nano-aggregates (arrows: yellow — S.

aureus, red — E. coli; arrowheads: yellow — NB-vanco, red — NB).

Results and discussion

The NB-vanco assay was designed to induce the formation of
nano-aggregates by specific and multivalent interactions of
vancomycin on the surface of the NBs with Gram-positive
bacteria. The overall scheme of the assay is shown in Fig. 1.
Vancomycin binds to the cell wall of Gram-positive bacteria by
specific interaction with the b-Ala-p-Ala subunits of the

25098 | RSC Adv., 2018, 8, 25094-25103

peptidoglycan.** The multivalent interaction induces clustering
of the bacteria and NB-vanco, resulting in the formation of blue-
colored precipitates which can be visually detected with the
naked eye. NB-vanco was prepared by reacting the amine groups
of vancomycin to carboxylated polystyrene nanobeads (Fig. 2a).
The modified NB-vanco was characterized by scanning electron
microscopy, zeta-potential measurements and X-ray photoelec-
tron spectroscopy (XPS). Fig. S1 (ESIt) shows that NB-vanco

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Detection of different numbers of bacteria by the NB-vanco assay. (a) and (b) Absorbance measurements and images of sample tubes
after performing the NB-vanco assay with different numbers of S. aureus (a) and E. coli (b) at various assay times. (c) Absorbance measurements
for S. aureus at 30 min assay time. Data are presented as mean + s.d. (n = 5; *p < 0.001).

were observed as individual particles, similar to unmodified
NBs. Zeta potential measurements showed that the surface
charge of NB-vanco was —35 mV, which was higher than the
unmodified NBs (—44 mV), due to the introduction of the
cationic vancomycin molecules (pK, = 8.3) (Fig. 2b).">*

The functionalization of vancomycin on the surface of NBs
was also characterized by XPS, showing a binding energy peak
of N 1s at 399.6 eV for NB-vanco, as shown in Fig. 2c. This peak
was absent for the unmodified NBs.

To examine whether nano-aggregation could be induced in
the presence of Gram-positive targets for visualization, the assay
was performed by adding NB-vanco with cultured S. aureus as
the target. Fig. 3a shows that for S. aureus, the addition of NB-
vanco resulted in the formation of precipitates that were
visible after 30 min. Absorbance measurements at 600 nm
allowed the quantification of the amount of precipitation. That
is, a higher extent of precipitation would result in lower values
due to the reduced density of NBs and bacteria dispersed in the
assay media. Fig. 3b shows that for S. aureus, the absorbance
value decreased to 75% at 20 min and 59% at 30 min, indicating
that the amount of precipitation was 25% and 41%, respec-
tively. Longer incubation times resulted in further decrease in
absorbance (27% at 270 min). For E. coli, values were relatively
consistent, and showed to be > 90% even after 270 min. Fig. 3c
shows that the change in absorbance values at 30 min incuba-
tion for NB-vanco added with S. aureus is significant compared

This journal is © The Royal Society of Chemistry 2018

to the controls-unmodified NB added with S. aureus, NB-vanco
with E. coli, and NB-vanco without bacteria. Therefore, we
found that 30 min, which is considered to be short enough for
a rapid assay, is also sufficient to induce agglomeration of NB-
vanco with the bacteria. The nano-aggregation process was
also microscopically observed. Bright field microscopic images
in Fig. 4a shows that S. aureus added with NB-vanco formed
nano-aggregates that could be clearly observed at 30 min, while
E. coli did not form any aggregates even after 270 min. The
average size of an aggregate formed with S. aureus was 13 um at
30 min and did not show significant change even after 270 min
of incubation. Staining and fluorescence microscopy showed
the presence of bacteria within the nano-aggregates formed
from NB-vanco and S. aureus at 30 min, while for NB without
vancomycin with S. aureus or for NB-vanco with E. coli showed
individual or very small clusters of bacteria (Fig. 4b). Scanning
electron microscopy was also performed for structural obser-
vation of the NB-vanco/bacteria nano-aggregates in high-
resolution (Fig. 4c). A single nano-aggregate could be clearly
observed, which was formed from multiple bacterial cells and
beads for NB-vanco added with S. aureus, while the control
samples did not show any presence of aggregates with a signif-
icant size (<5 pm). These results demonstrate that nano-
aggregation of NB-vanco in the presence of a Gram-positive
target (S. aureus) occurs by specific, multivalent interaction
between the bacterial cells and beads, resulting in their

RSC Adv., 2018, 8, 25094-25103 | 25099
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Integration of the NB-vanco assay with the porous filter system (NB-vanco-porous filter system). (a) Workflow: bacteria are mixed with

NB-vanco and applied through the porous filter (pore size, 5 um). In the case of Gram-positive bacteria, nano-aggregates are formed which
remain on the filter membrane as blue precipitates, and can be detected with the naked eye and acquired as images using a mobile camera
system. (b) Images of the filter membrane after the assay with different assay times, obtained with iPad Air 2. (c) Quantification of nano-aggregate
formation. Images in (b) were analyzed by the CIEL*a*b* color system with MATLAB. Aggregation signals were obtained from counting the pixels

with b* below —9. Data are expressed as mean + s.d. (n = 2).

clustering. Since the assay does not require any pre-processing
steps for the bacterial samples and can be added directly to the
NB-vanco reagent, the assay can be performed within ~30 min,
which is the minimum time required for precipitation.

We next applied the NB-vanco assay with various bacterial
cell numbers to determine the sensitivity of the method for
naked eye detection. Fig. 5a shows the results for nano-
aggregation of NB-vanco when added with various numbers of
S. aureus. It appears that as incubation progresses, the larger
the number of bacteria, the earlier the precipitates are observed,
and can be visualized. When the incubation time was set at
30 min, the precipitates are visible with the naked eye when the
concentration of bacteria is = 2.5 x 10°> pl~’. Results from
absorbance measurements show that the increase in number of
S. aureus (from 3.1 x 10* pl™* to 5.0 x 10° pl™") resulted in
a higher extent of precipitation of the NB-vanco. For S. aureus,
a total of 2.5 x 10° ul~" bacteria or higher showed the highest
significance in extent of precipitation at 30 min (p < 0.001;
Fig. 5¢), while concentrations as low as 3.1 x 10" pl~" showed
visible precipitates at longer incubation times. For NB-vanco
added with E. coli as the Gram-negative control or without the
addition of any bacteria, no significant signal for precipitation
was detected even after 270 min (Fig. 5b). Although the sensi-
tivity must be improved for wide applicability, the NB-vanco
assay presents a rapid, simple, and one-step method allowing

25100 | RSC Adv., 2018, 8, 25094-25103

device-free and naked eye detection, which does not require any
sample processing, amplification, or washing procedures.

To apply the NB-vanco assay as a robust platform for rapid
diagnosis, we utilized a porous filter system to allow more clear
visualization of the nano-aggregates, by separating them from
the unbound single bacteria and single beads. As shown in
Fig. 6a, when the assay solution is applied to the NB-vanco-
porous filter system, the nano-aggregates of NB-vanco formed
by addition of Gram-positive targets would remain on the top of
the filter membrane resulting in an intense blue signal, while
the addition of Gram-negative or no bacteria would not show
any presence of colored aggregates on the membrane. We
selected 5 um as the pore size of the filter, since the nano-
aggregates for the positive samples were ~10 pm, while the
sizes of individual bacteria and NBs were ~1 um and ~300 nm,
respectively. Images of the nano-aggregates on the filter
membranes could be easily acquired using a smart mobile
camera system (iPad Air 2). The NB-vanco assay conditions were
optimized for the porous filter system by using different
amounts of beads and assay times. Fig. 6b shows the images of
the filter for NB-vanco added with S. aureus, or without bacteria
as the control, according to different pre-incubation times.
Addition of S. aureus produces blue aggregates that show a very
weak signal at 20 min, and becomes more noticeable at 30 min.
It can be seen that longer incubation times resulted in

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Assay results for different types of bacteria using the NB-vanco-porous filter system. (a) Images of the filter membrane after performing
the assay. (b) Quantification of the nano-aggregates using the CIEL*a*b* color system by MATLAB. Aggregation signals were obtained by
counting the pixels with b* below —9. Data are expressed as mean + s.d. (n = 2).

enhanced signals. Without the addition of bacteria, no presence
of blue aggregates was shown on the filter. The signals from the
images were also quantified using MATLAB, with cut-off values
determined by the point where the control sample (NB-vanco
without bacteria) reached the background signal (Fig. S2
ESIT). We utilized the CIEL*a*b*(CIELAB) color space, which is
designed to approximate human vision and is suitable system
for quantifying blue color detected by the naked eye.** A larger
value of the b* coordinate represents yellow, and as the value
becomes smaller, the coordinate represents blue. Results
showed that the addition of S. aureus resulted in a positive
signal beginning at 20 min, and subsequently increased at
longer incubation times (Fig. 6¢). Based on these results, and
considering that the assay aims at naked eye detection, we
selected 30 min as the assay time for this system.

The NB-vanco-porous filter system was then validated as
a platform for target selectivity in detecting Gram-positive

This journal is © The Royal Society of Chemistry 2018

bacteria. Various types of Gram-positive and Gram-negative
species - S. aureus, S. pneumoniae, E. faecalis, B. subtilis, E. coli
and K. pneumoniae, were examined. It has been previously
shown that vancomycin is a useful targeting ligand for specific
recognition of Gram-positive bacteria.”*® Fig. 7a shows that
when NB-vanco is added with Gram-positive bacteria (S. aureus,
S. pneumoniae, B. subtilis, and E. faecalis), an intense blue color
derived from nano-aggregation could be visually detected on the
filter membrane, while the addition of Gram-negative bacteria
(E. coli and K. pneumoniae) or without bacteria did not result in
any significant signal. The unmodified NBs added with either
Gram-positive or Gram-negative bacteria, or NB-vanco without
adding any bacteria also did not show any presence of visible
aggregates on the membrane. Quantification of the images in
Fig. 7b also showed that the addition of NB-vanco with only the
Gram-positive bacteria — S. aureus, S. pneumoniae, B. subtilis,
and E. faecalis, resulted in significantly high signals (values

RSC Adv., 2018, 8, 25094-25103 | 25101
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from 12 883 & 2544 to 24 954 + 226), while the addition of NB-
vanco with Gram-negative bacteria E. coli and K. pneumoniae or
without addition of bacteria, did not show any significant
signals (values ~ 0). Fig. S3 (ESI{) shows the bulk absorbance
measurements and visualization in sample tubes for the assay
performed with different types of bacteria. For incubation times
of 40 min or longer, the Gram-positive bacteria (S. aureus, S.
pneumoniae, B. subtilis and E. faecalis) showed significant
extents of precipitation, while Gram-negative bacteria did not
show any detectable signal, similar to the results from applying
the porous filter system. Among the different types of Gram-
positive bacteria, S. aureus showed the highest degree of
precipitation, which is presumably due to the higher targeting
efficiency of vancomycin to S. aureus. Although bulk absorbance
measurements and visualization in sample tubes lacked the
sensitivity compared to the filter system at 30 min for Gram-
positives other than S. aureus, longer incubation times (>40
min) can enable the applicability of the assay in sample tubes to
other targets. To demonstrate the feasibility of the NB-vanco
assay for biological samples, the assay was performed for
bacteria spiked into serum. Assay results showed that S. aureus
spiked into bovine serum showed a significant decrease in
absorbance value (67%) after 30 min, while E. coli did not show
any changes in values (Fig. S4a ESIY). Also, S. aureus spiked into
human serum obtained by gradient centrifugation of human
whole blood, and applying through the porous filter system
showed dense blue signal on the filter membrane, while E. coli
showed a much weaker signal (Fig. S4b ESI). Since naked eye
detection of the nano-aggregates in sample tubes can give vague
results and be practically difficult for clinical decision making,
the integration of the porous filter system with the NB-vanco
assay introduces a robust platform that potentially shows
wide applicability in point-of-care, bedside or home settings.
The current study introduces a diagnostic platform with
several advantages. Firstly, the integrated NB-vanco-porous
filter system represents a one-step colorimetric assay plat-
form, allowing detection with the naked eye. This enables the
platform to be extremely simple, by excluding the need of any
detection device, such as lasers, detectors, optical filters, and
complex read-out components. Conventional methods using
turbidity measurements requires a volume of ~milliliter, while
micro-volume spectrophotometers are quite expensive in cost.
The NB-vanco assay allows the visualization of bacteria in small
volume (as small as 20 pl) without any instruments for detec-
tion, which would greatly reduce manufacturing costs and
enable easier miniaturization. Another advantage is that the
platform can be used as a rapid diagnostic assay for ubiquitous
detection of Gram-positive bacteria, which can replace the
conventional staining and microscopic methods which is labor-
intensive, and the immunoassays which are limited due to
availability and specificity of antibodies. Finally, the current
platform involves minimized sample processing steps, without
the need of procedures such as lysis, nucleic acid extraction, or
amplification. Technical improvements would have to be ach-
ieved in the future, by increasing sensitivity of detection, further
miniaturization, and automation of the platform. Overall, the
integrated NB-vanco-porous filter system has wide applicability
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as a simple, rapid, and affordable diagnostic platform at the
bedside or point-of-care settings, which will greatly benefit the
society by allowing proper antibiotic use and enhancing treat-
ment efficacy.

Conclusions

We have developed a rapid and simple colorimetric assay based
on nano-aggregate formation for ubiquitously detecting Gram-
positive bacteria. Vancomycin was used as the ligand to
specifically target Gram-positive bacteria. Addition of NB-vanco
with Gram-positive targets induced the rapid clustering (<30
min) of the nanobeads with bacteria, which could be visualized
with the naked eye as blue precipitates in the sample tubes. The
NB-vanco assay was applied to a porous filter system, as an
integrated diagnostic platform. Various types of Gram-positive
bacteria could be clearly visualized as blue precipitates on the
filter membrane, while Gram-negative bacteria resulted in
neglectable signals. Assay results from the porous filter system
could also be acquired as images using a smart mobile device
and analyzed for quantitative determination. The current study
demonstrates that the NB-vanco assay integrated with the
porous filter system, due to its simplicity, can be useful as
a rapid diagnostic platform for applications at the bedside in
the clinic or point-of-care settings.
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