
Nanoscale

PAPER

Cite this: Nanoscale, 2024, 16, 3011

Received 29th October 2023,
Accepted 11th January 2024

DOI: 10.1039/d3nr05463b

rsc.li/nanoscale

A rapid and specific antimicrobial resistance
detection of Escherichia coli via magnetic
nanoclusters†

Fei Pan, *‡a Stefanie Altenried,a Subas Scheiblerb,c and Qun Ren *a

Drinking water contamination, often caused by bacteria, leads to substantial numbers of diarrhea deaths

each year, especially in developing regions. Human urine as a source of fertilizer, when handled impro-

perly, can contaminate drinking water. One dominant bacterial pathogen in urine is Escherichia coli,

which can trigger serious waterborne/foodborne diseases. Considering the prevalence of the multi-drug

resistant extended-spectrum beta-lactamase (ESBL) producing E. coli, a rapid detection method for resis-

tance is highly desired. In this work, we developed a method for quick identification of E. coli and, at the

same time, capable of removal of general bacterial pathogens from human urine. A specific peptide

GRHIFWRRGGGHKVAPR, reported to have a strong affinity to E. coli, was utilized to modify the PEGylated

magnetic nanoclusters, resulting in a specific capture and enrichment of E. coli from the bacteria-spiked

artificial urine. Subsequently, a novel luminescent probe was applied to rapidly identify the antimicrobial

resistance of the collected E. coli within 30 min. These functionalized magnetic nanoclusters demonstrate

a promising prospect to rapidly detect ESBL E. coli in urine and contribute to reducing drinking water

contamination.

Introduction

Bacterial contamination of drinking water is a leading cause of
waterborne diseases in rural areas of most developing
regions.1–4 The existence of antimicrobial-resistant bacteria in
contaminated drinking water can cause serious health con-
cerns.5 Urine is a common source of fertilizer, and its flushing,
without careful treatment, can lead to water contamination.
The dominant bacterial pathogen in urine is Escherichia coli,6

which can trigger serious waterborne/foodborne diseases.7,8

Thereby, it is highly desired to know the presence and sub-
sequently remove the antimicrobial-resistant bacteria in urine
before its emission.

Substantial efforts have been dedicated to identifying bac-
terial pathogens and rapidly sensing bacterial resistance,9–12

e.g., single-cell morphological analysis based on microscopic
analysis of cell growth10 and localized surface plasmon reso-
nance towards the evaluation of bacterial lysis.13 However, the
great challenges for the diagnostics of antimicrobial resistance
have not been overcome. The turnaround time is still very
long, especially for samples containing the target species at
low concentrations. In this regard, the time-consuming pre-
culture steps cannot be avoided to enrich the present bacterial
pathogens and the subsequent purification. Various strategies
to circumvent the pre-culture steps have been tackled.
Antibodies have also been used to enrich bacteria due to their
high specificity toward target antigens on the surfaces of
pathogens.9–12,14 However, the preparation of antibodies is
complex and costly, limiting the availability of antibodies for
establishing specific targeting systems and hindering their
application.15 Moreover, due to the large size of antibodies as
well as the difficulty of functionalizing antibodies to an antici-
pated surface (e.g., spherical surfaces), their application poten-
tial for particle-based detection of pathogenic bacteria has
been limited.15 Additionally, some antibiotics, proteins (e.g.,
avidin, biotin, and lectin), DNA/RNA aptamers, and carbo-
hydrates (such as glycan) have displayed their application
potential as specific targeting ligands to capture bacteria.16

However, the limited specificity still remains a challenge to be
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overcome. Therefore, we designed a diagnostic method to
handle the aforementioned challenges through precise iso-
lation of E. coli without a pre-culture by exploiting a specific
peptide.

Magnetic nanoparticles (MNPs) have been developed to
isolate and eradicate bacterial pathogens associated with water
contaminations and can additionally target specific species
after proper surface functionalization.17 Since E. coli is the pre-
dominant bacterial pathogen associated with urine,18 it is
highly desired to design MNPs to specifically capture E. coli for
subsequent identification of its presence and antimicrobial re-
sistance. A peptide library has been utilized to screen peptides
that can specifically bind to E. coli,19 and one specific peptide,
namely GRHIFWRRGGGHKVAPR, was identified. In our work
here, we exploited this peptide to functionalize magnetic par-
ticles, attempting a specific capture and enrichment of E. coli
to achieve a fast detection of E. coli (Scheme 1). The functiona-
lized PEGylated MNCs (peptide@PEG@MNCs) with
GRHIFWRRGGGHKVAPR not only enabled a quick non-
specific isolation of various bacteria from infected media but
also led to a specific capture of E. coli even at a concentration
as low as 100 CFU mL−1. The high specificity between the
tested E. coli and peptide@PEG@MNCs was, in addition,
investigated and confirmed through direct quantitative
measurement using a FluidFM. The antimicrobial suscepti-
bility of the captured E. coli was moreover analyzed by applying
a sensitive luminescent probe, which allowed differentiation of
the captured resistant and susceptible E. coli within 30 min,
faster than the so far reported methods.10 Therefore, the devel-
oped peptide@PEG@MNCs manifest their promising potential
in the rapid detection of antimicrobial resistant E. coli and
reducing E. coli infections.

Results and discussion

GRHIFWRRGGGHKVAPR peptide, which binds E. coli specifi-
cally,19 was conjugated to the commercial PEGylated magnetic
nanoclusters (PEG@MNCs) by the covalent bonding between
-COOH and -NH2 (Scheme 1a). Different peptide concen-
trations were employed for the modification, and the functio-
nalized PEG@MNCs were analyzed for their surface chemistry
by X-ray photoelectron spectroscopy (XPS). The measured [C]/
[O] elemental ratios were 76.0 ± 0.5%, 98.3 ± 0.6%, 136.7 ±
2.6%, 323.7 ± 2.8%, and 196.1 ± 2.9%, respectively, for the
peptide concentrations of 0.02, 0.2, 1, 2 and 20 mM (Fig. 1a).
The modification by peptide solution of 2 mM led to the
highest [C]/[O] elemental ratio, probably due to the conju-
gation saturation of the peptide with PEG@MNCs at higher
peptide concentration; thus, 2 mM was used in the following
studies.

The peptide@PEG@MNCs displayed a size of 155.9 ±
1.4 nm in diameter, larger than the non-modified PEG@MNCs
(143.4 ± 1.3 nm in diameter) (Fig. 1b and Fig. S1 a, b†), based
on the dynamic light scattering measurement. Additionally,
the functionalization retained the magnetic property of the

nanoclusters (Fig. S1c†) and did not show cytotoxicity based
on the MTS analysis (Fig. S1d†). The capture capacity of
peptide@PEG@MNCs was further investigated towards bac-
teria of different concentrations, employing susceptible E. coli
as a model strain. The peptide@PEG@MNCs manifested a
capability to capture E. coli even in an extremely low concen-
tration range of 100 CFU mL−1. However, the capture efficiency
decreased once the bacterial concentration rose above 106 CFU
mL−1 (Fig. 1c), probably due to the saturation of bacterial
capture by a given amount of peptide@PEG@MNCs. Hence,
we employed a bacterial suspension of a concentration below
106 CFU mL−1 for subsequent analysis. Thereupon, bacterial
concentrations of 105 CFU mL−1 were applied to assess the
specificity of the peptide@PEG@MNCs towards susceptible
and resistant E. coli, Pseudomonas aeruginosa, Staphylococcus
aureus, and Staphylococcus epidermidis (Fig. 1d). Over 80% of
capture efficiency was achieved towards all evaluated bacteria
in 10 minutes, demonstrating that the developed
peptide@PEG@MNCs could efficiently isolate bacterial patho-
gens from an infected medium (Fig. 1d). The captured E. coli
was afterwards analyzed for antimicrobial resistance by
employing an AquaSpark luminescent dye (Fig. 1e and
Fig. S1e†) and measurement of optical density (OD, Fig. 1f and
Fig. S1f†). The luminescent assay allowed a clear differen-
tiation in the growth profile of the susceptible and resistant
E. coli after an incubation of 30 min in the presence of the
antibiotic ampicillin, whereas no clear difference could be
noticed through the conventional OD analysis. Without the
need for pre-enrichment, this luminescent assay confers eight
times faster detection than the previously reported four hours
using microscope analysis.10 In addition, OD is an optical
method, which was measured at 600 nm in our investigation
of bacterial culture. The reliable OD measured by a lab device
is often in a range of 0.05–1, which usually corresponds to a
bacterial concentration of 106–108 CFU mL−1. Such aforemen-
tioned concentration (detection limit) is too high to differen-
tiate a growth below 106 CFU mL−1, thus making the fast dis-
crimination of resistant and susceptible strains impossible.

Since unspecific interaction can occur between bacteria and
nanocluster,20 we introduced a rinsing process to minimize
and avoid the intervention of non-specific binding. S. aureus
and susceptible E. coli were utilized as example strains. It was
found that after each time rinsing, the capture efficiency
reduced (Fig. 2a). A five-time rinsing process yielded the dis-
appearance of S. aureus from the collected peptide@PEG@
MNCs, but still about 49% of capture efficiency for E. coli
(Fig. 2a). Therefore, the rinsing process removed the non-
specific weakly attached bacteria from peptide@PEG@MNCs,
while the strongly bound bacteria retained, yielding a specific
capture. The binding of the susceptible E. coli to
peptide@PEG@MNCs after the rinsing process can also be
observed through TEM analysis (Fig. S1g–i†) after applying
diluted peptide@PEG@MNCs samples (100-fold dilution),
which can lead to a clear observation of such binding inter-
action. Hence, the designed peptide@PEG@MNCs led to, on
the one hand, the quick isolation of bacterial pathogens
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without the rinsing process and, on the other hand, a specific
capture of E. coli after the rinsing process.

The capture specificity of peptide@PEG@MNCs with the
rinsing process was further analyzed towards E. coli (both sus-
ceptible and resistant strains), P. aeruginosa, S. aureus, and

S. epidermidis employing MNCs, PEG@MNCs, and
peptide@MNCs as controls (Fig. 2). Only E. coli (susceptible
and resistant strains) were captured after incubating with
peptide@PEG@MNCs, while the other tested strains and
nanoclusters did not lead to a detectable capture (Fig. 2b).

Scheme 1 Schematical illustration of the AMR sensing toward E. coli. (a) GRHIFWRRGGGHKVAPR peptide was conjugated to the PEGylated mag-
netic nanoclusters (PEG@MNCs) by the covalent bonding between –COOH and –NH2. (b) The peptide-functionalized magnetic nanoclusters
(peptide@PEG@MNCs) interacted with the bacterial suspensions, and the bacteria attached to the peptide@PEG@MNCs were thereafter collected
under a magnetic field. The collected bacteria can be further analyzed with and without a rinsing step. (c) AMR analysis was conducted using a sensi-
tive luminescent assay, where the growth of the collected bacteria can be investigated in the presence of antibiotics to differentiate the susceptible
and resistant bacterial pathogens.
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Fig. 1 Characterization of the modified MNCs and the capture capability towards different bacterial strains without the rinsing process. (a) [C]/[O]
elemental ratio was measured by employing XPS to assess the modification efficiency of the PEGylated MNCs by the peptide solutions of various
concentrations. P1–P5 denote peptide solutions of 0.02, 0.2, 1, 2, and 20 mM, respectively. (b) PEGylated MNCs functionalized with peptide solution
of 2 mM (peptide@PEG@MNCs) were imaged by applying a scanning transmission electron microscope (STEM), displaying a cluster structure, which
was further confirmed by the respective electron diffraction in the inset. (c) Bacterial capture capability of the modified MNCs was analyzed towards
susceptible E. coli of different ranges of concentration and normalized to the concentration of the initial bacterial suspension at each range (an
initial bacterial suspension of 81 900 000 ± 2 800 000 CFU mL−1 was regarded for the range of 107 CFU mL−1, and the rest from 106–100 CFU mL−1

was stepwise 10 fold diluted till a concentration range of 100 CFU mL−1 from the bacterial suspension in a concentration range of 107 CFU mL−1). (d)
The bacterial capture efficiencies by peptide@PEG@MNCs without a rinsing process towards susceptible and resistant E. coli, P. aeruginosa,
S. aureus, and S. epidermidis, were respectively normalized to the initial concentration of 156 000 ± 17 000, 302 000 ± 8000, 520 000 ± 27 000,
738 000 ± 21 000 and 531 000 ± 61 000 CFU mL−1. The bacterial growth of the captured susceptible and resistant E. coli without a rinsing process
was analyzed in the presence of 300 µg mL−1 ampicillin through AquaSpark® beta-D-glucuronide (e) and optical density (f ). n = 3 (biological
repeats), mean ± SD shown; at least two sets of independent experiments were performed, and one set of data is shown.
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Fig. 2 Specific bacterial capture in PBS towards E. coli with a rinsing process. (a) The bacterial capture efficiencies were analyzed through the
modified MNCs by a sequential rinsing process up to 5 times to yield a specific capture of E. coli towards susceptible E. coli, S. aureus, and a mixture
of susceptible E. coli and S. aureus. Initial concentrations of E. coli and S. aureus were respectively 192 000 ± 7000 and 234 000 ± 15 000 CFU mL−1.
(b) Specific bacterial capture analysis through MNCs, PEG@MNCs, peptide@MNCs, and peptide@PEG@MNCs towards susceptible and resistant
E. coli, P. aeruginosa, S. aureus, and S. epidermidis. n = 3 (biological repeats). (c) Affinity assessment between different bacteria and modified/non-
modified MNCs by employing single bacterial force spectroscopy. According to the reported methods, modified/non-modified MNCs were de-
posited on glass Petri dishes coated with polydopamine as an adhesive layer according to the reported methods.59 (d) Bacterial capture rate through
peptide@PEG@MNCs was analyzed for 5, 10, 30, 60, 90, and 120 min interaction towards susceptible and resistant E. coli. Each initial bacterial sus-
pension concentration is 673 000 ± 140 000 and 573 000 ± 9000 CFU mL−1 for susceptible and resistant E. coli. (e) Bacterial capture sensitivity by
modified PEG@MNCs was evaluated towards susceptible and resistant E. coli of concentrations at various ranges of 105–100 CFU mL−1, which were
stepwise one order of magnitude lower than the bacterial suspension in the range of 105 CFU mL−1. Each initial bacterial suspension concentration
is 755 000 ± 31 000 and 624 000 ± 73 000 CFU mL−1 for susceptible and resistant E. coli. n = 3 (biological repeats), mean ± SD shown, for (a), and
(d) & (e).

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2024 Nanoscale, 2024, 16, 3011–3023 | 3015

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 1
/3

1/
20

26
 3

:2
4:

00
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3nr05463b


A single bacterial force microscope was utilized to better
understand the interactions between the various bacterial
strains and the different types of nanoclusters (Fig. 2c and
Table S1†). We observed similar low adhesion forces (1.10–1.90
nN) of all assessed bacterial strains towards MNCs and
peptide@MNCs. The affinity of the evaluated bacterial strains
towards PEG@MNCs was even weaker, in a range of 0.40–0.62
nN, which was probably due to the well-known antifouling
property of PEG.21–24 However, the evaluated strains displayed
different affinities towards peptide@PEG@MNCs. The average
single bacterial adhesion forces for S. aureus, P. aeruginosa,
and S. epidermidis were in a range of 0.77–1.60 nN, but at
24.44 and 23.56 nN for susceptible and resistant E. coli,
respectively. The higher affinity of E. coli towards
peptide@PEG@MNCs than other bacterial strains can explain
the specific capture of E. coli (Fig. 2b). The capture efficacies
were compromised after the rinsing process for susceptible
and resistant E. coli at 51.3 ± 5.4% and 52.1 ± 5.0% (Fig. 2d).
To the best of our knowledge, the direct measurement of

specific binding of nanoclusters toward E. coli through
FluidFM has not been reported. This study enables a quantitat-
ive biophysical investigation concerning binding specificities.

In order to investigate the impact of interaction time
between E. coli and peptide@PEG@MNCs on the capture
efficacy, the interaction was performed for 5, 10, 30, 60, 90,
and 120 min (Fig. 2d). It was found that 10 minutes was
sufficient for optimized interaction between E. coli and
peptide@PEG@MNCs, and the extended interaction time up
to 120 minutes did not change the capture efficacy.

The sensitivity of peptide@PEG@MNCs for E. coli capture
with a rinsing process was further evaluated towards various
bacterial concentrations (100–105 CFU mL−1) (Fig. 2e). Both
susceptible and resistant E. coli could be isolated through the
specific capture by peptide@PEG@MNCs, even at a very low
concentration (100 CFU mL−1, Fig. 2e), which is 100 times
lower than the reported 102 CFU mL−1.25 To the best of our
knowledge, there is no reported system that can reach such a
low concentration and, at the same time, ensure a high speci-

Fig. 2 (Contd).
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ficity. The specific capture towards susceptible and resistant
E. coli was similar, probably originating from the comparable
affinity of peptide@PEG@MNCs towards susceptible and
resistant E. coli (Fig. 2c–e and Table S1†).

To evaluate the efficacy of the designed peptide@PEG@
MNCs in a simulated condition, artificial urine spiked with

E. coli was exploited to mimic the condition of wastewater col-
lected from a urinal. The capture efficiency of E. coli can reach
90.6% and 88.3%, respectively, for susceptible and resistant
strains without any rinsing steps (Fig. 3a). The specificity of
peptide@PEG@MNCs was further investigated towards E. coli
in artificial urine with a rinsing process. Thereby artificial

Fig. 3 Bacterial capture in artificial urine. (a) Bacterial capture efficiencies of peptide@PEG@MNCs without a rinsing process towards susceptible
and resistant E. coli, respectively, normalized to the related initial concentration of 117 000 ± 9000 and 264 000 ± 17 000 CFU mL−1. (b) Specific bac-
terial capture through peptide@PEG@MNCs towards susceptible E. coli, resistant E. coli, their mixture, P. aeruginosa, S. aureus, S. epidermidis, and
susceptible or resistant E. coli mixed, respectively with P. aeruginosa, S. aureus, and S. epidermidis. (c) Specific bacterial capture efficiencies by
employing peptide@PEG@MNCs towards different bacterial strains. Every capture of every single bacterial strain was normalized to the relative initial
bacterial concentration (susceptible E. coli: 220 000 ± 20 000 CFU mL−1, resistant E. coli: 369 000 ± 13 000 CFU mL−1, P. aeruginosa: 754 000 ±
57 000 CFU mL−1, S. aureus: 756 000 ± 101 000 CFU mL−1 and S. epidermidis: 7 390 000 ± 546 000 CFU mL−1). The capture of bacterial mixtures
was respectively normalized to susceptible E. coli once in the presence of susceptible E. coli and to resistant E. coli once in the presence of resistant
E. coli. However, the mixture of susceptible and resistant E. coli was normalized to the sum of the initial bacterial concentration of susceptible and
resistant E. coli. (d) The growth analysis of the specifically captured E. coli was performed with and without the presence of 300 µg mL−1 ampicillin
through AquaSpark® beta-D-glucuronide. n = 3 (biological repeats), mean ± SD shown.
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urine was spiked with E. coli and one of P. aeruginosa,
S. aureus, and S. epidermidis strains. Only E. coli were observed
on the isolated peptide@PEG@MNCs (Fig. 3b & c). The gained
capture efficiency was roughly 49% and 42%, respectively, for
the samples containing susceptible and resistant E. coli,
regardless of the presence or absence of other bacteria. Thus,
we could speculate that the captured bacteria from a solution
of E. coli mixed with P. aeruginosa, S. aureus, or S. epidermidis

were dominantly E. coli. Moreover, the results generated from
PCR analysis confirmed this speculation (Fig. S3†). Hence, the
designed peptide@PEG@MNCs enabled a specific capture of
E. coli from an infected media.

The captured E. coli from the spiked urine were incubated
with antibiotics, e.g., ampicillin, and their growth was under
surveillance by applying luminescent analysis (Fig. 3d) and
optical density (Fig. S2a–d†). The luminescent analysis mani-

Fig. 3 (Contd).

Paper Nanoscale

3018 | Nanoscale, 2024, 16, 3011–3023 This journal is © The Royal Society of Chemistry 2024

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 1
/3

1/
20

26
 3

:2
4:

00
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3nr05463b


fested an intensity discrepancy after incubating for
180 minutes between collected resistant and susceptible E. coli
(Fig. 3d). However, such a noticeable discrepancy for these
samples cannot be achieved through the conventional optical
density analysis (Fig. S2a–d†).

Conclusion

In this study, we successfully applied E. coli specific
GRHIFWRRGGGHKVAPR peptide to functionalize PEGylated
MNCs (peptide@PEG@MNCs), enabling isolation of various
bacteria from infected media and permitting a specific capture
of E. coli even at a concentration as low as 100 CFU mL−1. The
achieved specificity towards E. coli captured by
peptide@PEG@MNCs was originated from the strong affinity
between the assessed E. coli and the peptide@PEG@MNCs,
directly quantitated by FluidFM. AquaSpark luminescence
assay conferred a fast detection of antimicrobial resistance of
the captured E. coli. In artificial urine, the susceptible and
resistant E. coli can be respectively removed up to 90.6% and
88.3%, without the rinsing process, allowing the detection of
antimicrobial resistance within 30 min. In addition, suscep-
tible and resistant E. coli can be specifically isolated through
the rinsing process and rapidly analyzed to determine anti-
microbial resistance. However, the molecular biological
mechanism regarding the specificity still needs to be further
investigated, particularly the interaction between the peptide
GRHIFWRRGGGHKVAPR and the E. coli membrane com-
ponents. Such further investigations may explain the bio-
molecular interaction mechanisms of binding specificities of
different biomolecules from various origins. Nevertheless, we
successfully demonstrated the method developed here contrib-
uted to a fast antimicrobial resistance analysis. Our work, in
terms of detection time and sensitivity, distinguishes itself
from the reported methods. The peptide@PEG@MNCs mani-
fested a diagnostic perspective in rapidly detecting resistant
E. coli in urine to reduce drinking water contamination. The
platform developed here can also be extended for other appli-
cations, such as detecting AMR E. coli on wound infection and
catheter-associated UTIs.

Methods
Materials

Chemicals and reagents were purchased from Sigma-Aldrich
(Buchs, Switzerland) in analytical purity and utilized as
received unless otherwise stated. Dextran iron oxide composite
nanoclusters (MNCs, product code: 09-00-132, 25 g L−1,
130 nm) and PEG-NH2 functionalized dextran iron oxide com-
posite nanoclusters (PEGylated MNCs, product code: 09-55-132,
10 g L−1, 130 nm) were exploited in aqueous suspension from
micromod Partikeltechnologie GmbH (Rostock, Germany).
Phosphate-buffered saline (PBS) at pH 7.4 was prepared by dis-
solving 8 g L−1 NaCl, 0.2 g L−1 KH2PO4, and 1.44 g L−1 Na2PO4

in distilled water. Bacterial growth medium (LB broth) was pre-
pared by dissolving 10 g L−1 tryptone, 5 g L−1 yeast extract, and
5 g L−1 NaCl in distilled water. Broth media of an adjusted pH
7.4 was prepared by dissolving 5 g L−1 peptone, 5 g L−1 NaCl,
2 g L−1 yeast extract, and 1 g L−1 beef extract. Artificial urine was
prepared26 by dissolving 1.7 g L−1 Na2SO4, 0.25 g L−1 C5H4N4O3,
0.72 g L−1 Na3C6H5O7·2H2O, 0.881 g L−1 C4H7N3O, 15 g L−1

CH4N2O, 2.308 g L−1 KCl, 1.756 g L−1 NaCl, 0.185 g L−1 CaCl2,
1.266 g L−1 NH4Cl, 0.035 g L−1 K2C2O4·H2O, 1.082 g L−1 MgSO4

7H2O, 2.912 g L−1 NaH2PO4 2H2O, and 0.831 g L−1

Na2HPO4·2H2O in distilled water.

Functionalization kinetics of magnetic nanoclusters

A peptide (GRHIFWRRGGGHKVAPR, final concentration of
0.02 mM, 0.2 mM, 1 mM, 2 mM, and 20 mM) specific to
E. coli, screened from bacteriophage display library,19 was
mixed respectively with MNCs and PEGylated MNCs of a final
concentration 9 g L−1 for both NMCs. All mixtures were
shaken for 2 hours at 100 rpm and 25 °C. Subsequently, the
MNCs in each suspension were collected and rinsed by PBS
three times by centrifugations at 14 400 rpm and 25 °C. After
each centrifugation, the supernatant was removed and
replaced by the same amount of fresh PBS.

XPS analysis

An X-ray photoelectron spectroscopy (XPS, PHI 5000
VersaProbe II instrument with a monochromatic AlKα X-ray
source, USA) was applied to understand the surface chemical
properties of the samples.27–34

Vibrating sample magnetometry

Each vacuum-dried sample was added into a polymer-sample
holder and measured by applying vibrating sample magneto-
metry (VSM) in a physical properties measurement system
(PPMS, Version P525, Quantum Design GmbH, Germany) of
Quantum Design at a maximum magnetic field of 3T.35

Dynamic light scattering (DLS)

The hydrodynamic size of different MNCs samples was
measured with a DLS instrument (ZetaSizer90, Malvern) at a
refractive index of iron oxide (n = 2.918). All the measured
MNCs suspensions were diluted to a final concentration of
0.9 g L−1 and were briefly sonicated for 30 s before each
analysis.28,35,36

TEM analysis

TEM analysis was carried out by exploiting a JEOL TEM
equipped with an in-column Omega-type energy filter
(JEM-2200FS, Joel, Japan).37–44 5 μL of the sample suspension
after a 100-fold dilution was depleted to a TEM grid (Carbon
Film Supported Copper Grid, 200 Meshes, Electron
Microscopy Sciences, USA) till the solvent was fully
evaporated.45–50
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Cytotoxicity analysis

Cytotoxicity analysis towards PEG@MNCs and peptide@PEG@
MNCs was carried out with normal human dermal fibroblasts
(nHDFs, female, Caucasian, skin/temple, PromoCell, C-12352).
The sample was centrifugated, and the supernatant was
replaced with DMEM (Dulbecco’s Modified Eagle Medium)
containing 1% penicillin/streptomycin/neomycin (PSN) to a
final concentration of 9 g L−1 considered as no dilution. Each
sample was parallelly measured with negative control (empty
wells) and its sequential dilutions (2×, 4×, 8×, 16×, 32×, 64×,
and 128×). 10 000 nHDFs in 100 µL DMEM containing 10%
foetal calf serum (FCS) were added into every well (TPP,
Trasadingen, Switzerland) and incubated for 24 hours before
interacting with sample solutions. Then, the nHDFs were incu-
bated again for 24 hours with 100 µL 95% sample solution
diluted by FCS. The viability of nHDFs measured from the
negative control was considered 100%, and that interacted
with 1% Triton X-100 in DMEM containing 5% FCS was
regarded as the positive control. The viability analysis of the
nHDFs was performed with MTS [(3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)]
assay through absorbance at 490 nm to evaluate metabolic
activity of the nHDFs.51–53

Bacterial preparation

Escherichia coli DSMZ 30083, Pseudomonas aeruginosa DSMZ
1117, Staphylococcus aureus ATCC 6538, Staphylococcus epider-
midis ATCC 49461, and Escherichia coli DSMZ 22312 were
employed in the bacterial capture assays. One bacterial colony
of each bacterial strain from an agar plate was collected and
incubated in 10 mL LB in a 50 mL Falcon tube at 160 rpm and
37 °C overnight. 100 µL overnight culture was transferred into
10 mL fresh LB and then cultivated for approximately 2 h to
reach exponential growth.54

Antimicrobial resistance (AMR) detection

Escherichia coli DSMZ 30083 and Escherichia coli DSMZ 22312
were incubated in 10 mL LB containing 300 µg mL−1 ampi-
cillin in a 50 mL Falcon tube at 160 rpm and 37 °C overnight
in order to determine bacterial sensitivity and resistance to
ampicillin. The overnight bacterial culture of Escherichia coli
DSMZ 30083 and Escherichia coli DSMZ 22312 in LB containing
300 µg mL−1 ampicillin displayed a clear and turbulent bac-
terial suspension, respectively. Consequently, Escherichia coli
DSMZ 30083 and Escherichia coli DSMZ 22312, as revealed, are
respectively susceptible and resistant to ampicillin. Escherichia
coli DSMZ 30083 is therefore referred to as susceptible E. coli,
and Escherichia coli DSMZ 22312 is analogously referred to as
resistant E. coli. The collected bacteria, through magnetic sep-
aration, were resuspended in Broth media. AquaSpark® beta-D-
glucuronide (product Code: A-8175_P00, Biosynth AG, Staad,
Switzerland) was meanwhile diluted by Trisma Buffer pH 7.0
containing 1 mM MgCl2 to a concentration 0.5 mM containing
1 g L−1 polymyxin B sulfate and 0.5 g L−1 lysozyme from
chicken egg white. 0.180 mL bacterial suspension was sub-

sequently incubated with 20 µL diluted AquaSpark® solution
for 30 min. Then luminescence was measured by a plate
reader (PowerWave HT, BioTek instruments Inc., U.S.A.).
Optical density (OD600)

55 was always measured before adding
the detection solution to the bacterial suspension through a
plate reader (PowerWave HT, BioTek instruments Inc., U.S.A.).

Bacterial specific capture

The bacterial cultures of susceptible and resistant E. coli,
P. aeruginosa, S. aureus, and S. epidermidis were diluted with
PBS buffer as reported56–58 to around 106 colony forming units
(CFU) mL−1. Then, 500 µL bacterial suspension interacted
(shaking at 160 rpm) respectively with 50 µL peptide-modified
PEG@MNCs, 50 µL peptide interacted MNCs, 50 µL
PEG@MNCs and 50 µL MNCs for 10 min at 37 °C. Afterward,
these suspensions were settled under a magnetic field for
5 min, and the clear supernatants were subsequently replaced
with 550 µL fresh PBS. This rinsing process was processed 4
times more. The collected samples were further diluted with
fresh PBS, and thereafter 100 µL liquid sample was plated on
PC-agar plates with three replicates. Observing bacteria on PC-
agar plates was carried out after incubating the PC-agar plates
for 12 hours at 37 °C. This specific capture was also executed
based on different times of the rinsing process: from no
rinsing to 5 times rinsing.

Adhesion force analysis between bacteria and nanoclusters

MNCs (non-functionalized/functionalized on MNCs/PEG@MNCs)
were immobilized onto glass-bottom microscopy dishes
(GWSB-5040, WillCo-Dish, Amsterdam, Netherlands) in order to
facilitate the force spectroscopy characterization. 2 mL 9 g L−1

MNCs were added into the microscopy dishes with polydopa-
mine-coated glass-bottom. The method, as reported, was uti-
lized to coat the glass-bottom microscopy dishes with
polydopamine.22,23,59 Briefly, the bottom glass of the
microscopy dishes was rinsed with 2-propanol with sonication
and subsequently with deionized water. Afterward, N2-stream
was exploited to dry the rinsed bottom glass of the microscopy
dishes before being treated with air plasma for 120 seconds
(Plasma Cleaner PD-32G, Harrick Plasma, USA). 4 mL 4 g L−1

polydopamine (in 10 mM TRIS HCl, pH 8.5) was used to coat
the rinsed bottom glass for 60 minutes before an extensive
rinsing with PBS buffer (pH 7.4). The MNCs were then added
to the coated glass surfaces for the immobilization of
60 minutes. Non-immobilized MNCs were washed away with
PBS buffer (pH 7.4). The microscopy dishes immobilized with
MNCs were immersed with 4 mL PBS buffer (pH 7.4) for a
good immersion of the FluidFM cantilever.

The Flex Bio-AFM (Nanosurf, Switzerland) and the digital
pressure controller (Cytosurge, Switzerland) were similarly
used as the reported method.24 According to the reported
method, single-bacteria force spectroscopy was similarly
measured and analyzed at room temperature in PBS (pH 7.4)
with susceptible and resistant E. coli, P. aeruginosa, S. aureus,
and S. epidermidis.24
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Bacterial specific capture rate

The specific capture rate was performed similarly to the assay
of bacterial specific capture. However, the incubation time of
bacterial suspension and each MNCs was defined as 5 min,
10 min, 30 min, 60 min, 90 min, and 120 min.

The sensitivity of the bacterial specific capture

The sensitivity of the specific capture was carried out similarly
to the assay of bacterial specific capture. However, the initial
bacterial suspensions before incubation with modified
PEG@MNCs were further diluted as 10, 100, 1000, 10 000,
100 000, and 1 000 000 folds.

Bacterial specific capture in artificial urine

Bacterial specific capture in artificial urine was similarly
carried out as in the assay of bacterial specific capture.
Bacterial suspension mixtures were also prepared as follows
with each bacteria of 106 CFU mL−1: susceptible E. coli &
P. aeruginosa, susceptible E. coli & S. aureus, susceptible E. coli
& S. epidermidis, resistant E. coli & P. aeruginosa, resistant
E. coli & S. aureus, resistant E. coli & S. epidermidis, and suscep-
tible E. coli & resistant E. coli. Moreover, the resistance of the
captured bacteria was analyzed through the aforementioned
assay.

Polymerase chain reaction (PCR) analysis

Primers (forward primer targeting E. coli: 5′-CTGCTTCTTTT-
AAGCAACTGGCGA-3′ and reverse primer targeting E. coli: 5′-
ACCAGACCCAGCACCAGATAAG-3′; 16SSAIII-SA:5′-TATAGATGG-
ATCCGCGCT-3′ and 16SSAIV-SA: 5′-GATTAGGTACCGTCAAG-
AT-3′; FtoxA-PA: 5′-TTCGTCAGGGCGCACGAGAGCA-3′ and
RtoxA-PA: 5′-TCTCCAGCGGCAGGTGGCAAG-3′) were utilized to
amplify the region from the 5′ of the upstream to the 3′ of the
downstream region of lacY gene of E. coli. Such analyses were
conducted by using 200 µL captured bacteria as DNA source,
200 µM nucleotides (N0447S, NEB, USA), adequate primers
(0.5 µM), 3% DMSO, 1× Buffer Phusion HF, and 1 unit per mL
Phusion DNA Polymerase (Phusion High-Fidelity DNA
Polymerase, M0530, NEB, USA). Cycling conditions were 98 °C
for 360 s, then followed by 31 cycles of 98 °C for 10 s, 58 °C for
30 s, 72 °C for 90 s, and a final extension at 72 °C for 300 s.
The generated products were separated by electrophoresis at
100 V for 60 minutes in 1% (w/v) agarose gel (V3125, Promega,
Spain). The size obtained after every amplicon was analyzed in
line with the 1 kb DNA ladder (GeneRuler 1 kb DNA Ladder,
SM0333, Thermo Scientific, USA).
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