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A B S T R A C T   

Urinary tract infections (UTIs) are among the most predominant microbial diseases, leading to substantial 
healthcare burdens and threatening human well-being. UTIs can become more critical when caused by Pseu
domonas aeruginosa, particularly by antimicrobial-resistant types. Thereby a rapid diagnosis and identification of 
the antimicrobial-resistant P. aeruginosa can support and guide an efficient medication and an effective treatment 
toward UTIs. Herein, we designed a platform for prompt purification, and effective identification of P. aeruginosa 
to combat the notorious P. aeruginosa associated UTIs. A peptide (QRKLAAKLT), specifically binding to 
P. aeruginosa, was grafted onto PEGylated magnetic nanoclusters and enabled a successful capture and enrich
ment of P. aeruginosa from artificial human urine. Rapid identification of antimicrobial resistance of the enriched 
P. aeruginosa can be moreover accomplished within 30 min. These functionalized magnetic nanoclusters 
demonstrate a prominent diagnostic potential to combat P. aeruginosa associated UTIs, which can be extended to 
other P. aeruginosa involved infections.   

1. Introduction 

Urinary tract infections (UTIs) are among the most prevalent mi
crobial diseases and consume substantial public finance (Leitner et al., 
2021). Complicated UTIs are among the major causes of bacteremia and 
are related to a high mortality rate for critically ill patients (Chan and 
Yuen, 2015; To et al., 2013; Wagenlehner et al., 2008). Additionally, 
recurrent UTIs are common among young and healthy females, although 
they generally possess normal urinary tracts in the anatomical and 
physiological regards (Finer and Landau, 2004). Toward UTIs, particu
larly complicated UTIs, broad-spectrum antibiotics are empirically 
employed against uropathogenic Gram-negative bacteria (Chan and 
Yuen, 2015; Flores-Mireles et al., 2015). However, UTIs have led to the 
majority of antibiotic prescriptions in European nursing homes, but 
most of such antibiotic prescriptions are improper (Arnold et al., 2021; 
Ricchizzi et al., 2018). Overuse and misuse of antibiotics are the major 
cause of antimicrobial resistance (AMR) (Roberts and Zembower, 2021; 

Pan, 2022). Most UTIs are associated with Escherichia coli, and the 
related threats to human well-being are intensively studied (Roberts and 
Zembower, 2021; Hoban et al., 2011). However, UTIs caused by P. 
aeruginosa are lacking in studies, even though P. aeruginosa UTIs are 
associated with high mortality in hospitalized patients and can lead to 
even more complicated treatments, likely due to the P. aeruginosa 
intrinsic resistance to multiple antibiotics (Lamas Ferreiro et al., 2017). 
Thereby, it is imperative to obtain the AMR profile of P. aeruginosa from 
UTIs before the antibiotic prescription. 

Despite the substantial advances made, the AMR diagnostics still 
faces huge challenges. One of the challenges is the long turnaround time, 
particularly for samples with a low number of targeted pathogens. Pre- 
culture steps are required to enrich the microbes present and purify 
them. Antibodies have also been used to recover bacteria due to their 
high specificity toward target antigens on the surfaces of pathogens 
(Lesniewski et al., 2014). However, the antibody preparation is complex 
and costly, and very few antibodies for specific targets are available (Lai 
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et al., 2015). Furthermore, antibodies are usually very large and difficult 
to immobilize on a given surface, especially a sphere surface, limiting 
their widespread applications in particle-based pathogenic bacteria 
detection (Lai et al., 2015). Apart from antibodies, some antibiotics, 
proteins (such as avidin, biotin, lectin et al.), DNA/RNA aptamers, and 
carbohydrates (such as glycan) have also been used as targeting ligands 
to probe target bacteria (Bohara and Pawar, 2015). However, poor 
specificity is one of the general problems with these approaches. Herein, 
we propose a diagnostic system to address the abovementioned chal
lenges by utilizing a specific peptide to precisely capture P. aeruginosa 
without pre-culture of the samples to be analyzed. 

Magnetic nanoparticles (MNPs) have been applied to isolate bacte
rial pathogens through magnetic capture (Lattuada et al., 2016). To 
ensure the stability of the MNPs (Jokerst et al., 2011), MNPs coated with 
polyethylene glycol (PEG) were purchased and used in this work. For 
specific capture of P. aeruginosa, the peptide QRKLAAKLT, discovered 
via phage-display screening, was used due to its capability of specific 
and strong binding to the outer membrane of P. aeruginosa (Carnazza 
et al., 2008). QRKLAAKLT was utilized to functionalize magnetic 
nanoclusters (MNCs) for specific isolation and enrichment of 
P. aeruginosa pathogens, followed by rapid determination of AMR 
pathogens through applying a luminescence-based method (Scheme 1). 

2. Materials and methods 

2.1. Materials 

Chemicals and reagents of analytical purity were all purchased from 
Sigma-Aldrich (Buchs, Switzerland) and employed as received unless 
otherwise noted. Dextran iron oxide composite nanoclusters (MNCs, 
Product code: 09-00-132, 25 g L− 1, 130 nm) and PEG-NH2 functional
ized dextran iron oxide composite nanoclusters (PEGylated MNCs, 

Product code: 09-55-132, 10 g L− 1, 130 nm) were ordered in aqueous 
suspension from micromod Partikeltechnologie GmbH (Rostock, Ger
many). Phosphate-buffered saline (PBS) at pH 7.4 was prepared as fol
lows: 8 g L− 1 NaCl, 0.2 g L− 1 KH2PO4, and 1.44 g L− 1 Na2PO4 with 
distilled water. Bacterial growth medium (LB broth) was prepared as 
follows: 10 g L− 1 tryptone, 5 g L− 1 yeast extract, and 5 g L− 1 NaCl with 
distilled water. Broth media of an adjusted pH 7.4 was prepared: 5 g L− 1 

peptone, 5 g L− 1 NaCl, 2 g L− 1 yeast extract, 1 g L− 1 beef extract. Arti
ficial urine was prepared (Sarigul et al., 2019) with following in
gredients: 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, 
0.831 g L− 1 Na2HPO4⋅2H2O in distilled water. 

2.2. Functionalization kinetics of magnetic nanoclusters 

A peptide (QRKLAAKLT, final concentration of 0.02 mM, 0.2 mM, 1 
mM, 2 mM, and 20 mM) specific to P. aeruginosa, screened from bacte
riophage display library (Franco et al., 2020), was added to MNCs and 
PEGylated MNCs of a final concentration 9 g L− 1 for both MNCs. Both 
mixtures were shaken for 2 h at 100 rpm and 25 ◦C. The MNCs in every 
suspension were subsequently collected and rinsed through three cen
trifugations at 14400 rpm and 25 ◦C. After every centrifugation, the 
supernatant was then replaced by the same amount of fresh PBS. 

2.3. XPS analysis 

An X-ray photoelectron spectroscopy (XPS, PHI 5000 VersaProbe II 
instrument with a monochromatic AlKα X-ray source, USA) was utilized 
to assess the surface chemical properties of the samples (Wei et al., 
2022a, 2022b; Lai et al., 2019; Tong et al., 2013). 

Scheme 1. Scheme of the rapid detection of antimi
crobial resistance. (a) QRKLAAKLT was utilized to 
functionalize PEGylated magnetic nanoclusters 
(PEG@MNCs); (b) The peptide-modified PEG@MNCs 
(peptide@PEG@MNCs) were applied to interact with 
bacterial suspensions and subsequently enabled a 
bacterial collection under a magnetic field; (c) A 
sensitive luminescence-based method was employed 
to assess the growth of the collected bacterial patho
gens in the presence of antibiotics in order to distin
guish susceptible and resistant bacteria.   
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2.4. Vibrating sample magnetometry 

The vacuum-dried sample was added to the polymer-sample holders 
and analyzed by vibrating sample magnetometry (VSM) utilizing the 
physical properties measurement system (PPMS, Version P525, Quan
tum Design GmbH Germany) of Quantum Design at a maximum mag
netic field of 5T. 

2.5. Dynamic light scattering (DLS) 

The hydrodynamic size of different samples was analyzed through a 
DLS instrument (ZetaSizer90, Malvern) at a refractive index of iron 
oxide (n = 2.918). MNCs suspensions were diluted to a final concen
tration of 0.9 g L− 1 and were briefly sonicated for 30 s before 
measurement. 

2.6. TEM analysis 

TEM analysis was executed through the utilization of a JEOL TEM 
equipped with an in-column Omega-type energy filter (JEM-2200FS, 
Joel, Japan) (Wu et al., 2021, 2022a, 2022b; Pan et al., 2016, 2017, 
2022a; Guo et al., 2022). 5 μL of the sample after a 100-fold dilution was 
added to a TEM grid (Kung et al., 2018, 2020; Tseng et al., 2020) 
(Carbon Film Supported Copper Grid, 200 Meshes, Electron Microscopy 
Sciences, USA) till the solvent was completely evaporated (Yang et al., 
2022; Pan et al., 2022b; Yu et al., 2021; Kung et al., 2021). 

2.7. Cytotoxicity analysis 

The cytotoxic analysis toward the PEG@MNCs and peptide@ 
PEG@MNCs was performed with normal human dermal fibroblasts 
(nHDFs, female, caucasian, skin/temple, PromoCell, C-12352). Every 
sample (final concentration: 9 g L− 1 as no dilution) was centrifugated, 
and the supernatant was replaced with DMEM (Dulbecco’s Modified 
Eagle Medium) containing 1% penicillin/streptomycin/neomycin 
(PSN). Every sample was parallelly analyzed by negative control (empty 
wells) and its additional dilutions (2X, 4X, 8X, 16X, 32X, 64X, and 
128X). 10 000 nHDFs in 100 μL DMEM containing 10% foetal calf serum 
(FCS) were seeded into every well (TPP, Trasadingen, Switzerland) for 
24 h before incubating with the sample solutions. Subsequently, the 
nHDFs were incubated for 24 h with 100 μL solutions containing 95% 
sample solution and 5% FCS. The viability of nHDFs from the negative 
control was set as 100%, and the one that interacted with 1% Triton X- 
100 in DMEM containing 5% FCS was considered as the positive control. 
The viability of the nHDFs was analyzed through MTS [(3-(4,5-Dime
thylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H- 
tetrazolium)] assay at the absorbance 490 nm to measure metabolic 
activity of the nHDFs (Jin et al., 2013; Solar et al., 2015; Pan et al., 
2022c; Huang et al., 2022). 

2.8. Bacterial preparation 

Escherichia coli DSMZ 30083, Pseudomonas aeruginosa DSMZ 1117, 
Pseudomonas aeruginosa ATCC 15442, Staphylococcus aureus ATCC 6538, 
Staphylococcus epidermidis ATCC 49461 were utilized in the bacterial 
capture assays. One bacterial colony of every bacterial strain from an 
agar plate was taken and incubated in 10 mL LB in a 50 mL Falcon tube 
at 160 rpm and 37 ◦C overnight. 100 μL overnight culture was added 
into 10 mL fresh LB and subsequently cultivated for approximately 2 h to 
reach exponential growth (Guo et al., 2022; Hegemann et al., 2022; 
Milionis et al., 2020). 

2.9. Antimicrobial resistance (AMR) detection 

P. aeruginosa DSMZ 1117 and P. aeruginosa ATCC 15442 were incu
bated in 10 mL LB containing 10 μg mL− 1 Gentamicin in a 50 mL Falcon 

tube at 160 rpm and 37 ◦C overnight to determine bacterial sensitivity 
and resistance to Gentamicin. The overnight bacterial culture of 
P. aeruginosa DSMZ 1117 and P. aeruginosa ATCC 15442 in LB containing 
10 μg mL− 1 Gentamicin displayed a clear and turbulent bacterial sus
pension, respectively. Consequently, as revealed, P. aeruginosa DSMZ 
1117 and P. aeruginosa ATCC 15442 are respectively susceptible and 
resistant to Gentamicin. Therefore, P. aeruginosa DSMZ 1117 is referred 
to as susceptible P. aeruginosa, and P. aeruginosa ATCC 15442 is analo
gously referred to as resistant P. aeruginosa. The collected bacteria, 
through magnetic separation, were resuspended in Broth media. Aqua
Spark® caprylate (Product Code: A-8167_P00, Biosynth AG, Staad, 
Switzerland) was in the meanwhile diluted to a concentration of 0.5 mM 
with Trisma Buffer pH 7.0. 0.198 mL bacterial suspension was subse
quently incubated with 2 μL diluted AquaSpark® solution for 20 min. 
Luminescence and optical density (OD600) were continuously recorded 
for 6 h with a time interval of 0.5 h through a plate reader (PowerWave 
HT, BioTek instruments Inc., U.S.A.) (Lai et al., 2018). 

2.10. Bacterial specific capture 

The bacterial cultures of E. coli, susceptible and resistant 
P. aeruginosa, S. aureus, and S. epidermidis were diluted with sterile PBS 
as reported (Pan et al., 2020, 2021a, 2021b) to around 106 colony 
forming units (CFU) mL− 1. Then, 500 μL bacterial suspension was mixed 
(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. Subsequently, these suspensions were 
placed under a magnetic field for 5 min, and the clear supernatants were 
then replaced with fresh 550 μL PBS. This rinsing process was processed 
4 times more. The obtained samples were further diluted with fresh PBS, 
and thereafter 100 μL liquid sample was plated on PC-agar plates with 
three replicates. Observing bacterial colonies on PC-agar plates was 
performed after incubating the PC-agar plates for 12 h at 37 ◦C. This 
specific capture was additionally performed based on different times of 
the rinsing process: from no rinsing to 5 times rinsing. 

2.11. Adhesion force analysis between bacteria and nanoclusters 

MNCs (non-functionalized/functionalized on MNCs/PEG@MNCs) 
were immobilized on glass-bottom microscopy dishes (GWSB-5040, 
WillCo-Dish, Amsterdam, Netherlands) for force spectroscopy analysis, 
2 mL 9 g L− 1 MNCs were added and precipitated on polydopamine- 
coated glass-bottom microscopy dishes. Such glass-bottom microscopy 
dishes were coated with polydopamine with a reported method (Mit
telviefhaus et al., 2019; Pan et al., 2022d). Briefly, the bottom glass of 
the microscopy dishes was washed with 2-propanol with sonication and 
afterward deionized water. Then N2-stream was applied to dry the 
washed bottom glass of these microscopy dishes before treatment with 
air plasma for 120 s (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 
immerse the bottom glass for 60 min before thoroughly rinsing with PBS 
buffer. The MNCs were pipetted to the coated glass surfaces for 1 h. 
Thorough rinsing with PBS buffer subsequently removed the 
non-adhered MNCs on the glass surfaces. The immobilized MNCs were 
kept in 4 mL PBS to ensure a good immersion of the FluidFM cantilever 
in PBS buffer. 

The Flex Bio-AFM (Nanosurf, Switzerland) and the digital pressure 
controller (Cytosurge, Switzerland) were similarly employed for the 
force spectroscopy measurements, as reported (Pan et al., 2022e). 
Single-bacterium force spectroscopy was similarly performed at room 
temperature in PBS buffer (pH 7.4) with E. coli, susceptible and resistant 
P. aeruginosa, S. aureus, and S. epidermidis as reported (Pan et al., 2022e). 

2.12. Bacterial specific capture rate 

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

2.13. The sensitivity of the bacterial specific capture 

The sensitivity of the specific capture was executed similarly to the 
assay of bacterial specific capture. However, the initial bacterial sus
pensions before incubation with the modified PEG@MNCs were addi
tionally diluted as 10, 100, 1 000, 10 000, 100 000, and 1000 000 folds. 

2.14. 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 mix
tures were also prepared as follows with every bacteria of 106 CFU mL− 1: 
susceptible P. aeruginosa & E. coli, susceptible P. aeruginosa & S. aureus, 
susceptible P. aeruginosa & S. epidermidis, resistant P. aeruginosa & E. coli, 
resistant P. aeruginosa & S. aureus, resistant P. aeruginosa & 
S. epidermidis, and susceptible P. aeruginosa & resistant P. aeruginosa. 
Moreover, the resistance of the captured bacteria was analyzed with the 
aforementioned method. 

2.15. Polymerase chain reaction (PCR) analysis 

Primers (FtoxA-PA primer: 5′-TTCGTCAGGGCGCACGAGAGCA-3′

and RtoxA-PA primer: 5′-TCTCCAGCGGCAGGTGGCAAG-3’; 16SSAIII- 
SA:5′-TATAGATGGATCCGCGCT-3′ and 16SSAIV-SA: 5′-GATTAGG
TACCGTCAAGAT-3’; forward primer targeting E. coli: 5′- 
CTGCTTCTTTTAAGCAACTGGCGA-3′ and reverse primer targeting 
E. coli: 5′-ACCAGACCCAGCACCAGATAAG-3′) were employed to 

amplify the region from the 5′ of the upstream to the 3′ of the down
stream region of toxA gene of P. aeruginosa. PCR analyses were per
formed by using 200 μL captured bacteria as DNA source, 200 μM 
nucleotides (N0447S, NEB, USA), adequate primers (0.5 μM), 3% DMSO, 
1X Buffer Phusion HF, and 1 Unit mL− 1 Phusion DNA Polymerase 
(Phusion High-Fidelity DNA Polymerase, M0530, NEB, USA). Cycling 
conditions applied in this study were 98 ◦C for 360 s, followed by 31 
cycles of 98 ◦C for 10 s, 58 ◦C for 30 s, and 72 ◦C for 90 s, and a final 
extension at 72 ◦C for 300 s. PCR products were subsequently analyzed 
by electrophoresis at 100 V for 60 min with 1% (w/v) agarosegel 
(V3125, Promega, Spain). The size obtained after every amplicon was 
compared to the 1 kb DNA ladder (GeneRuler 1 kb DNA Ladder, 
SM0333, Thermo Scientific, USA). 

3. Results and discussion 

3.1. Bacterial capture and rapid AMR detection 

QRKLAAKLT peptide was first grafted to the PEGylated magnetic 
nanoclusters (PEG@MNCs) through covalent bonding between –COOH 
(peptide) and –NH2 (PEG@MNCs). Five different concentrations of 
QRKLAAKLT peptide were employed to identify the most efficient 
grafting. Based on the X-ray photoelectron spectroscopy (XPS) analysis, 
the [C]/[O] elemental ratios were 78.3 ± 0.4%, 203.5 ± 2.1%, 209.2 ±
4.2%, 359.2 ± 13.9%, and 315.1 ± 13.6%, respectively, for the peptide 
solutions of 0.02, 0.2, 1, 2 and 20 mM (Fig. 1a). The functionalization of 
the PEG@MNCs by employing the peptide solution of 2 mM yielded the 
highest [C]/[O] elemental ratio, revealing that grafting by this solution 
can confer the most efficient modification of the PEG@MNCs (pepti
de@PEG@MNCs, Fig. 1b), thus utilized for the subsequent analysis. 

Based on the DLS analysis, the peptide@PEG@MNCs exhibited a size 

Fig. 1. Characterization of the modified MNCs and 
their capture ability toward bacterial pathogens 
without a rinsing process. (a) The elemental ratios of 
[C]/[O] were determined by utilizing XPS to analyze 
the functionalization efficiency of PEGylated MNCs 
by the peptide solutions of various concentrations. 
P1–P5 represented respectively peptide solutions of 
0.02, 0.2, 1, 2, and 20 mM. (b) PEGylated MNCs 
modified by the peptide solution of 2 mM (pepti
de@PEG@MNCs) were imaged by a scanning trans
mission electron microscope (STEM), manifesting the 
peptide@PEG@MNCs of a cluster structure. (c) Cap
ture capability analysis of the modified MNCs was 
performed toward susceptible P. aeruginosa of 
different concentrations and normalized to the initial 
bacterial concentration at every range. An initial 
bacterial suspension of 51700000 ± 2400000 CFU 
mL− 1 was considered for the concentration range of 
107 CFU mL− 1, and the rest from 106-100 CFU mL− 1 

was a stepwise reduction of one order of magnitude of 
107 CFU mL− 1. (d) Bacterial capture efficiencies of 
the modified MNCs without a rinsing procedure to
ward E. coli, susceptible and resistant P. aeruginosa, 
S. aureus, and S. epidermidis, respectively, were 
normalized to the initial suspension of 339000 ±
23000, 674000 ± 24000, 145000 ± 17000, 783000 
± 16000 and 684000 ± 20000 CFU mL− 1. n = 3 
(biological repeats), mean ± SD shown; at least two 
sets of independent experiments were performed, and 
one set of data is shown here.   
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of 146.6 ± 1.2 nm in diameter (Fig. S1a), slightly higher than the pris
tine PEG@MNCs of 142.9 ± 0.9 nm in diameter (Fig. S1a&b). Addi
tionally, the peptide@PEG@MNCs and PEG@MNCs both manifested 
magnetic properties and no cytotoxicity (Fig. S1c&d, Fig. 1b). To eval
uate the detection limit of the peptide@PEG@MNCs, we employed 
susceptible P. aeruginosa as a model strain of various concentrations 
(100–107 CFU mL− 1) in PBS buffer. The peptide@PEG@MNCs man
ifested its excellent capture capacity even in an extremely low concen
tration range of 100 CFU mL− 1. However, the capture efficiency 
decreased once the bacterial concentration reached 106 CFU mL− 1 

(Fig. 1c). Hence, we applied bacterial concentrations below 106 CFU 
mL− 1 for further analysis. To insight the specificity of the bacterial 
capture by the developed peptide@PEG@MNCs, different bacterial 
pathogens with a concentration of about 105 CFU mL− 1 were tested, 
including E. coli, susceptible and resistant P. aeruginosa, S. aureus, and S. 
epidermidis (Fig. 1d). Bacterial capture efficiency of over 75% was ob
tained for all the examined bacterial strains within 10 min (Fig. 1d), 
manifesting that the peptide@PEG@MNCs could efficiently remove 
bacterial pathogens from the infected systems. Since the non-specific 
interaction between bacteria and peptide@PEG@MNCs could lead to a 
high bacterial capture efficiency, we thereby introduced a rinsing pro
cess to test the specificity. Susceptible P. aeruginosa and S. aureus were 
utilized as examples, followed by a five-time rinsing procedure. The 

rinsing process has rarely been done to the best of our knowledge, 
leading to the high bacterial capture specificity; thus, it is difficult to 
define the specificity of the previous work toward bacterial capture 
(Lattuada et al., 2016). However, the capture efficiency for both strains 
was compromised with every rinsing step. After five-time rinsing, only 
susceptible P. aeruginosa was detected, with a capture efficiency of over 
40% (Fig. 2a). Therefore, the rinsing process removed the weakly, 
non-specific bound bacteria from the peptide@PEG@MNCs, and the 
strongly bound P. aeruginosa was retained, yielding a specific capture. 
Hence, the designed peptide@PEG@MNCs can specifically capture 
P. aeruginosa after applying the rinsing process, and, additionally, are 
capable of isolating various bacteria without the rinsing steps (Fig. 1d 
and 2a). 

3.2. Specific capture of P. aeruginosa 

The specific binding of the peptide@PEG@MNCs was further 
analyzed with a five-time rinsing procedure toward E. coli, susceptible 
and resistant P. aeruginosa, S. aureus, and S. epidermidis using the MNCs, 
PEG@MNCs, and peptide@MNCs as controls (Fig. 2). With the rinsing 
process, only the susceptible and resistant P. aeruginosa were captured 
after incubation with the peptide@PEG@MNCs, whereas the other 
strains and nanoclusters did not lead to sufficient bacterial capture 

Fig. 2. Specific bacterial capture in PBS toward P. aeruginosa with a rinsing procedure. (a) Bacteria captured by the modified MNCs were rinsed five times to yield a 
specific capture of the susceptible P. aeruginosa. The capture efficacy from the mixed bacterial strains was aligned with the sum of initial susceptible P. aeruginosa and 
S. aureus. Initial concentrations of the susceptible P. aeruginosa and S. aureus were respectively 251000 ± 14000 and 803000 ± 154000 CFU mL− 1. (b) Specific 
bacterial capture through MNCs, PEG@MNCs, peptide@MNCs, and peptide@PEG@MNCs toward the susceptible and resistant P. aeruginosa, E. coli, S. aureus, and 
S. epidermidis. Bacteria were incubated with the nanoclusters for 10 min, and collected through a magnetic field, washed five times with PBS. The washed nano
clusters were spread on agar plates, followed by the overnight culture at 37 ◦C. The obtained colonies represent the collected bacteria on the nanoclusters. (c) Affinity 
evaluation between bacteria and modified/non-modified MNCs through single bacterial force spectroscopy. Modified/non-modified MNCs were deposited on glass 
petri dishes coated with polydopamine based on the published methods (Mittelviefhaus et al., 2019). (d) Evaluation of bacterial capture rate by the peptide@
PEG@MNCs for the interaction of 5, 10, 30, 60, 90, and 120 min toward the susceptible and resistant P. aeruginosa. The concentrations of initial bacterial suspension 
were respectively 542000 ± 8000 and 436000 ± 38000 CFU mL− 1 for the susceptible and resistant P. aeruginosa. (e) Capture sensitivity by the peptide@PEG@MNCs 
toward the susceptible and resistant P. aeruginosa of various concentration ranges 105-100 CFU mL− 1. The concentrations of initial bacterial suspension are 
respectively 327000 ± 23000 and 439000 ± 39000 CFU mL− 1 for the susceptible and resistant P. aeruginosa. n = 3 (biological repeats), mean ± SD shown, for (a), 
and (c)–(e); the analysis was at least performed independently twice, and one set of data was displayed. 
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(Fig. 2b). We further applied single bacterial force spectroscopy to 
measure the affinity between single bacterial cells and the differently 
functionalized magnetic nanoclusters to better understand the under
lying interactions (Fig. 2c and Table S1). Similar mean adhesion forces 
for all evaluated strains toward the MNCs and peptide@MNCs were 
measured in a range of 1.0–2.0 nN. The measured affinity between the 
assessed pathogen P. aeruginosa and PEG@MNCs displayed even lower 
mean values in a range of 0.3–1.0 nN, probably caused by the well- 
known antifouling property of PEG (Lowe et al., 2015). However, the 
quantified affinity of the examined pathogen toward the peptide@
PEG@MNCs displayed different profiles, low affinity in a range of 
1.50–1.55 nN for E. coli, S. aureus, S. epidermidis, and high affinity to
ward susceptible and resistant P. aeruginosa, respectively, at 21.93 nN 
and 24.11 nN. The high affinity of P. aeruginosa toward the peptide@
PEG@MNCs clearly demonstrated that the comparatively strong binding 
led to the exclusive capture of P. aeruginosa by the peptide@PEG@MNCs 
(Fig. 2b). Nevertheless, the specific capture efficiency toward the sus
ceptible and resistant P. aeruginosa was sacrificed, from above 88% 
(Fig. 1d) to 43.7 ± 5.6% and 28.6 ± 5.3% (Fig. 2d). Hence, the devel
oped peptide@PEG@MNCs enabled a specific capture of P. aeruginosa 
through a strong binding to the bacteria. 

In order to obtain an optimized interaction time, the peptide@
PEG@MNCs were incubated with P. aeruginosa for 5, 10, 30, 60, 90, and 
120 min (Fig. 2d). It was found that 10 min interaction is sufficient to 
reach the maximal capture, and the prolonged incubation to 120 min did 
not lead to essentially better capture efficiency. 

The sensitivity of the peptide@PEG@MNCs toward a specific capture 
through the rinsing procedure was further conducted, using various 
P. aeruginosa concentrations (100-105 CFU mL− 1 (Finer and Landau, 
2004)) (Fig. 2e). We observed that both susceptible and resistant 
P. aeruginosa could be captured by exploiting the peptide@PEG@MNCs, 
even at an extremely low concentration (100 CFU⋅mL− 1, Fig. 2e), 
revealing that the developed peptide@PEG@MNCs were capable of a 
specific capture of P. aeruginosa with high sensitivity, which is probably 
originated from the higher affinity between the peptide@PEG@MNCs 
and the assessed P. aeruginosa pathogens (Fig. 2c&e and Table S1). 

3.3. Specific capture of P. aeruginosa in artificial urine and rapid AMR 
detection 

In order to simulate the condition of UTIs, artificial urine spiked with 
P. aeruginosa was exploited to further evaluate the peptide@PEG@MNCs 
toward bacterial capture. The capture efficiency was as high as 85.9% 
and 78.1%, respectively, for the susceptible and resistant P. aeruginosa 
without the rinsing procedure (Fig. 3a). The captured P. aeruginosa 
pathogens were then analyzed for antimicrobial resistance to monitor 
bacterial growth in the presence of antibiotics through the utilization of 
the AquaSpark luminescent probe (Fig. 3b) and optical density 
(Fig. S2a&b). The luminescent-based method allowed clear differentia
tion of the growth behavior for the susceptible and resistant 
P. aeruginosa after 30 min in the presence of antibiotic gentamicin, 
which cannot be observed through the conventional OD measurement. 
Moreover, the specificity of the peptide@PEG@MNCs toward 
P. aeruginosa with a rinsing process was evaluated by employing artifi
cial urine spiked with P. aeruginosa and one of E. coli, S. aureus, and 
S. epidermidis. Bacterial isolation was only found for P. aeruginosa 
(Fig. 3c&d). The capture efficiencies of around 55% and 40% were ob
tained for the samples containing susceptible and resistant P. aeruginosa, 
respectively, regardless of the presence or absence of other bacterial 
strains. Thus, we could speculate that the captured bacteria were mainly 
P. aeruginosa from a suspension containing P. aeruginosa mixed with 
E. coli, S. aureus, or S. epidermidis. This speculation was further supported 
by polymerase chain reaction (PCR) analysis (Fig. S3). Hence, the 
developed peptide@PEG@MNCs demonstrated specificity to 
P. aeruginosa, which led to a specific capture of P. aeruginosa from an 
infected system containing single or mixed bacterial pathogens. 

The isolated P. aeruginosa was then incubated together with genta
micin, and the relative bacterial growth was investigated by lumines
cence assay (Fig. 3e) and optical density (Figs. S2c–f). The observed 
discrepancy of the luminescent intensity appeared after incubation of 
360 min for the resistant and susceptible P. aeruginosa (Fig. 3e), whereas 
no clear difference in optical density for both strains could be observed 
during this time frame (Figs. S2c–f), demonstrating the high sensitivity 
of the luminescent method. 

Fig. 3. Bacterial capture in bacteria-spiked artificial 
urine. (a) Capture efficacies of the peptide@
PEG@MNCs without rinsing process toward the sus
ceptible and resistant P. aeruginosa normalized to the 
respective initial suspension of 715000 ± 42000 and 
175000 ± 11000 CFU mL− 1. (b) Growth of the 
captured P. aeruginosa was assessed with and without 
10 μg mL− 1 Gentamicin through the AquaSpark 
luminescence assay. (c) Specific bacterial capture by 
the peptide@PEG@MNCs from the artificial urine 
spiked with susceptible-, resistant- P. aeruginosa, 
E. coli, S. aureus, S. epidermidis, or P. aeruginosa mixed 
with one strain E. coli, S. aureus, or S. epidermidis, 
respectively. (d) Capture toward every single bacte
rial strain was normalized to the corresponding initial 
bacterial concentration, namely susceptible 
P. aeruginosa 760000 ± 79000 CFU mL− 1, resistant 
P. aeruginosa 1097000 ± 35000 CFU mL− 1, E. coli 
2320000 ± 157000 CFU mL− 1, S. aureus 1453000 ±
488000 CFU mL− 1, and S. epidermidis 185000 ±
23000 CFU mL− 1. Capture toward bacterial mixtures 
was respectively aligned to the susceptible and resis
tant P. aeruginosa in the presence of susceptible and 
resistant P. aeruginosa. For the mixture of susceptible 
and resistant P. aeruginosa, the sum of the initial 
bacterial concentration of the susceptible and resis
tant P. aeruginosa was used for alignment. N.D. rep
resents not detected. (e) The growth of the 

specifically captured bacteria was analyzed with and without 10 μg mL− 1 gentamicin by the AquaSpark luminescence assay. n = 3 (biological repeats), mean ± SD 
shown.   
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4. Conclusion 

In this work, we successfully fabricated the PEGylated MNCs func
tionalized by QRKLAAKLT peptide (peptide@PEG@MNCs), yielding a 
removal of various bacterial pathogens and specifically capture of 
P. aeruginosa even in a low bacterial concentration. The capture speci
ficity of P. aeruginosa strains by the peptide@PEG@MNCs was caused by 
their strong affinity confirmed with AFM analysis. Without a rinsing 
procedure, the capture efficacy of P. aeruginosa from the spiked artificial 
urine can be up to 85.9% and 78.1%, respectively, for susceptible and 
resistant P. aeruginosa, while with a rinsing procedure, the specific 
capture efficiency of P. aeruginosa sunk to 56.7% and 39.2%. The 
captured P. aeruginosa can be subsequently analyzed by a luminescence- 
based assay to monitor bacterial growth in the presence of antibiotics, 
which allowed rapid differentiation of the resistant and susceptible 
P. aeruginosa. The peptide@PEG@MNCs demonstrated a diagnostic 
potential in rapidly detecting resistant P. aeruginosa from UTIs for 
optimized treatment and minimizing the suffering of the patients. This 
developed method poses a theranostic prospect to combat UTIs in 
clinics. 
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