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Quick separation of gram-negative bacteria, such as Escherichia coli (E. coli), from water sources is crucial
for ensuring timely public health protection and promoting environmental sustainability. This study
demonstrates that aptamer-conjugated core—shell magnetic nanoparticles (MNPs) can quickly capture E.
coli DH5« from water. The core—shell MNP composed of an iron (FezO,4) core and a silica (SiO;) shell
has been bio-conjugated with aptamers using glutaraldehyde as a cross-linker. The FezO4 core has an
average diameter of approximately 16 + 5 nm, and the thickness of the silica shell is around 24 + 4 nm.
Our results show that 1 mg mL~t of the Aptamer-Fes0.,@SiO, nanoparticles (NPs) can efficiently capture
and remove E. coli DH5a cells (1 x 107 CFU mL™) from aqueous solutions in just 5 minutes when
subjected to an external magnetic field of 2.0 kOe. The selective interaction between E. coli DH5« and
the Aptamer-Fez0,@SiO, NPs has been analyzed as compared to the interaction between the Aptamer-
Fes0,4@SiO, NPs and different strains of E. coli and gram-positive bacteria. This work demonstrates that
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1. Introduction

Gram-negative bacteria in natural water bodies often indicate
fecal contamination.” Their presence can degrade water quality
and aquatic ecosystems. In addition, gram-negative bacteria
can easily form biofilms that clog pipes, reduce water flow, and
facilitate the persistence and spread of pathogens.>® On the
other hand, many gram-negative bacteria, such as Escherichia
coli (E. coli), are multidrug-resistant (MDR), including ESBL-
producing and carbapenem-resistant strains, making timely
detection critical for patient survival and infection control.* E.
coli is the most common gram-negative bacterium in the
human gastrointestinal tract and often lacks virulence in this
setting. However, when found outside the intestinal tract, it
causes urinary tract infections (UTI), peritonitis, pneumonia,
and bacteraemia.® Though different methods have been devel-
oped to separate bacteria; it is still challenging to specifically
identify and separate certain strains of bacteria. It is noted that
existing methods for identifying bacteria, like enzyme-linked
immunosorbent assay (ELISA) and polymerase chain reaction
(PCR), are often time-consuming and require multiple days to
yield results.® Therefore, a new cost-effective system is required

“School of Biomedical Engineering, University of Western Ontario, London, Ontario,
N6A 5B9, Canada. E-mail: jzhang@eng.uwo.ca

*Department of Chemical and Biochemical Engineering, University of Western Ontario,
London, Ontario, N6A 5B9, Canada

41856 | RSC Adv, 2025, 15, 41856-41861

magnetic isolation, supporting future use in monitoring water quality and protecting public health.

to quickly and specifically capture and separate a certain strain
of E. coli from water.

It is noted that nanoparticles (NPs) with a diameter in the
range of 1-100 nm can be taken up passively by eukaryotic cells
to aid in tracking cells or drug delivery.”® Penetrating the cell wall
of bacteria by these nanostructures is limited to those with
a diameter of less than 5 nm.” Engineered magnetic nano-
particles (MNPs) have demonstrated the capability for bi-
oseparation of bioproducts, including cells and nucleic acids.'***
Consequently, surface modifications are essential to optimize
the interaction between NPs and bacteria interaction.™

Recently, MNPs conjugated with different receptors have
demonstrated the ability to capture bacteria. Xu and his
colleagues used vancomycin-conjugated Fe-based magnetic
nanoparticles to bind with the peptide and capture E. coli at
alow 3 x 10" cells per ml concentration.** It has been seen that
antimicrobial peptides, such as bacitracin A, pediocin, and
cecropin, functionalized MNPs are applied as probes for
bacterial capture, isolation, and enrichment.*® El-Boubbou and
colleagues attached lectin to MNPs and used mannose to bind
to, capture, and eliminate E. coli.*®

Aptamers are short single-stranded oligonucleotides (2-25
kDa) that can fold into specific three-dimensional shapes,
allowing them to bind tightly and selectively to target molecules
or structures on the surface of bacteria."”*®* DNA aptamers have
been bio-conjugated to optical NPs to detect Staphylococcus
aureus (S. aureus) and E. coli.**** Specifically, aptamer 8.28A has
a dissociation constant (Kg) of 27.4 + 18.7 nM for E. coli DH5«,
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demonstrating sufficient binding affinity and specificity for
efficient bacterial capture.® The conjugation of aptamers to NPs
can efficiently improve the selective separation of bacteria from
water.”>** However, direct bioconjugation of aptamers on MNPs
could cause the unexpected demagnetization due to the oxida-
tion of MNPs. Previous studies in core-shell MNPs demon-
strated that the silica (SiO,) shell can prevent the oxidation of
the magnetic core, and the fluorophore-loaded mesoporous
SiO, nanostructures have 20 times more brightness than that of
semiconductor quantum dots.>® Recent reports have further
highlighted the versatility of silica-coated MNPs in biomedical
applications, including bacterial capture, drug delivery, and
biosensing, demonstrating their efficiency in complex biolog-
ical systems.”*?*

In this paper, core-shell MNPs made of a Fe;O, core and
a SiO, shell have been produced, following the bioconjugation
of an aptamer which can specifically bind to E. coli DH5«. The
performance of the aptamer-bioconjugated on the core-shell
MNPs, i.e. Aptamer-Fe;O,@SiO, NPs, applied for quickly and
selectively separate E. coli DH5« from water has been
investigated.

2. Materials and experimental

The aptamer used in this study was purchased from Integrated
DNA Technologies. The sequence of the aptamer was aptamer
(8.28A), 5-NH,-(CH,)6-TCC TCG CGT TTG GAT TCA TGT TGG
TTT GTC GGT GTA TTG T-3, which has a specific binding to E.
coli (DH5a). The following analytical-grade chemicals were ob-
tained from Sigma-Aldrich: cetyltrimethylammonium bromide
(CTAB, 98%), toluene, ammonium hydroxide solution (NH,OH,
28%), iron(u) chloride (FeCl,, 98%), iron(m) chloride (FeCls,
97%), sodium hydroxide (NaOH, 97%), fluorescein iso-
thiocyanate isomer (FITC, 90%), tetraethyl orthosilicate (TEOS,
98%), aminopropyltriethoxysilane (APTS, 98%), and glutaral-
dehyde (Glu, Grade I, 25%).

2.1. Synthesis of core-shell MNPs

The core-shell MNPs, ie., Fe;0,@SiO, NPs, were produced
based on previous reports.**° Fe;O, NPs were produced via the
heat decomposition method."**! First, 2 mM of FeCl;-6H,0 was
mixed with ethanol, hexane, and oleic acid, and stirred at room
temperature for 30 minutes. Next, NaOH was added to the
mixture within a closed vessel and stirred for 4 hours at 70 °C.
After the reaction, the solution was separated into two layers
and dried. The dried layers were heated overnight at 80 °C to
evaporate the hexane, yielding a sticky Fe(oleate); precursor.
This precursor was subsequently dispersed in oleic acid along
with 12.5 mL of 1-octadecene. The mixture was purged using
nitrogen gas for 30 minutes at room temperature, then heated
to 320 °C for 30 minutes under the protection of nitrogen gas.
After heating, the mixture was allowed to cool to room
temperature, and the nanoparticles were collected through
centrifugation.

200 pL of the above Fe;O, NPs was mixed with 20 mL of
cyclohexane and stirred for 15 minutes. Afterward, 750 uL of
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surfactant was added, and the mixture was stirred for an addi-
tional 30 minutes. Ammonium was then introduced, and the
solution was stirred for another 30 minutes. Following this, the
mixture was allowed to stir for 24 hours. Subsequently, 15 pL of
aminopropyltriethoxysilane (APTS) was added to the solution
and mixed for a duration of 24 to 36 hours. Finally, the core-
shell nanoparticles were centrifuged, subjected to ultrasonic
mixing, and stored in ethanol for later use.

2.2. Bioconjugation of aptamer to core-shell MNPs

1 mL (0.33 mg mL ") of the Fe;0,@SiO, NPs reacted with 200
uL of glutaraldehyde solution (0.0025%) for one hour to activate
the surface for the bioconjugation. Following that, 3 ul (100 uM)
of aptamer (8.28A) was added to the mixture and allowed to
react for an additional two hours to facilitate the bioconjugation
process. Aptamer (8.28A), 5-NH,-(CH,)6-TCC TCG CGT TTG
GAT TCA TGT TGG TTT GTC GGT GTA TTG T-3 has a specific
binding to E. coli (DH5a).>> The conjugation efficiency of
aptamer 8.28A to Fe;0,@SiO, NPs was determined by
measuring the UV absorbance at 260 nm. A calibration curve
was prepared using known concentrations of the aptamer
(0.0195-1.25 uM) and their corresponding absorbances. After
the bioconjugation reaction, the nanoparticles were magneti-
cally separated, and the absorbance of the unbound aptamer in
the supernatant was measured. The core-shell MNPs; referred
to as Aptamer-Fe;0,@8SiO, NPs in this paper, are the focus of
this study.

2.3. Capture of E. coli (DH5a) by using
aptamer-Fe;0,@8SiO, NPs

Non-pathogenic E. coli DH5« was grown at 37 °C for 24 hours in
broth media. The optical density (OD) of the culture was
adjusted to a concentration of approximately 10’ CFU mL ™.
The cultures were diluted 10~* in phosphate-buffered saline
(PBS, 0.01 M, pH 7.4). Aptamer-conjugated Fe;0,@SiO,
magnetic nanoparticles (Aptamer-Fe;0,@SiO, NPs) were
washed with sterilized PBS (0.01 M, pH 7.4) and added to 1 mL
of each diluted bacterial suspension. After thorough mixing and
incubation, magnetic separation was performed to isolate the
Aptamer-Fe;0,@SiO, NPs-bound bacteria. The supernatants
were collected at 5- and 10-minute post-separation and plated
on LB agar to determine the number of unbound bacteria by
colony formation assay. The same procedure was applied to E.
coli BL21 and S. aureus to assess the specificity of the Aptamer-
Fe;0,@Si0, NPs. The response of E. coli DH5a to the Aptamer-
Fe;0,@Si0, NPs was further evaluated by comparing it to the
response of E. coli to negative control samples using standard
Fe;0,@SiO, NPs.

To evaluate the bacterial capture efficiency of Aptamer-Fe;-
0,@Si0, NPs compared to Fe;0,@SiO, NPs without aptamer
conjugation, the stock suspension with 4.5 x 10’ CFU mL ™"
and the diluted suspension with 3 x 10° CFU mL "' were
produced. 200 pL of Aptamer-Fe;0,@SiO, NPs or 200 uL of non-
conjugated Fe;0,@SiO, NPs (control) with the same concen-
tration was added, followed by magnetic separation, which was
performed to isolate nanoparticles bound to bacteria. The
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remaining supernatant was collected and the concentration of
that was determined by serial dilution method. Four replicates
were prepared for each dilution.

2.4. Characterization of nanostructures

The magnetic characteristics of the samples were assessed
using a vibrating sample magnetometer (VSM, Lakeshore 7407),
with a measurement range of 10” to 10°> emu and a field accu-
racy of £0.05% of full scale. Transmission electron microscopy
(TEM) was employed to investigate the core-shell structure and
validate the interaction between the bacteria and the nano-
particles, utilizing a Philips CM-10 TEM operating at 100 kV.
Additionally, Fourier transform infrared (FTIR) spectroscopy
(Cary 630, Agilent) and electrophoresis were conducted to
analyze the bioconjugation of aptamer (8.28A) to MNPs.

3. Results and discussion

3.1. Synthesis and characterization of core-shell MNPs

The core-shell MNPs consist of a Fe;O, core encapsulated
within a silica shell. Fig. 1 shows the TEM micrographs of core-
shell MNPs, i.e., Fe;0,@SiO, NPs. The average diameter of the
core-shell MNPs is estimated at 40 & 9 nm, and the Fe;O, NPs
are estimated at 16 £+ 5 nm. The distinct boundary between the
core and the shell can be observed. The thickness of the SiO,
shell is around 24 + 4 nm.

Furthermore, the magnetic properties of Fe;O, NPs and
core-shell MNPs, i.e., Fe;0,@SiO, NPs, have been investigated
under VSM. Fig. 2 shows the hysteresis loops of Fe;0, NPs and
Fe;0,@Si0, NPs measured by VSM. Both Fe;O, NPs and Fe;-
0,@Si0, NPs show superparamagnetic properties as their
coercivity (H.) and remanence (M,) are essentially zero, as
shown in the inset graph of Fig. 2. The Fe;0, nanoparticles
exhibited a saturation magnetization (M) of approximately 57
emu g~ ' when the magnetic field is 12 kOe. In contrast, the
Fe;0,@8Si0, NPs showed a reduced value of around 38 emu g,
representing an approximate 33% decline. This decrease is
attributed to the non-magnetic nature of the silica shell, which
lowers the overall magnetic signal. Nevertheless, the Fe;0,@-
SiO, NPs retain sufficient magnetic responsiveness, making
them suitable for applications that require magnetic separation
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Fig. 1 (a) TEM micrographs of (a) FesO4 NPs, (b) Fes0,@SiO, NPs.
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Fig. 2 Hysteresis loops of FesO4 NPs, and Fez0,4@SiO, NPs.

and precise control, including biosensing, drug delivery, and
magnetic resonance imaging.

3.2. Analysis of the bioconjugation of aptamer to core-shell
MNPs

FTIR has been applied to investigate three samples: amino-
modified aptamer (8.28A), Fe;0,@SiO, NPs, and Aptamer-Fe;-
0,@Si0, NPs as shown in Fig. 3. For the sample of aptamer, the
band at 3220 em™" is attributed to -N-H bending vibration
which confirmed the modification the amino group at the 5’
end.* In addition, the bands between 1800 and 1500 cm™* is
related to the stretching vibrations of double bonds in the base
planes; and the bands between 1250 and 1000 cm ™" are related
to vibration of the phosphate groups.**** The Si-O-Si stretching
vibration peak observed near 1100 cm ™" indicates the presence
of the silica shell in the core-shell nanoparticles. Furthermore,
a -C=0 stretching peak at 1760 cm ™" is observed in the spec-
trum of the free amino-modified aptamer but is absent in the
conjugated nanoparticles, suggesting that the aldehyde groups
were utilized during the conjugation. To the sample of Fe;-
0,@Si0, NPs in an aqueous medium, the -O-H vibration can
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Fig. 3 FTIR spectra of Fes04@SiO, NPs, amino modified aptamer
(8.28A), and Aptamer-Fez0,4@SiO, NPs.
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be observed at 3400 cm™'. The formation of carbon-nitrogen
double bonds (-C=N) at 1690 cm ™", known as Schiff bases,* in
a sample of Aptamer-Fe;0,@SiO, NPs, confirms the bi-
oconjugation of aptamer to Fe;O,@SiO, NPs via the cross-
linking reaction using glutaraldehyde.

To further verify the bioconjugation of the aptamer to Fe;-
0,@Si0, NPs, gel electrophoresis was conducted using a 1%
agarose gel, running at 100 V for 45 minutes.

The resulting gel analysis, shown in Fig. 4, displays three
distinct bands: Lane 1 refers to free aptamer; Lane 2 is the
sample of Aptamer-Fe;0,@SiO, NPs; Lane 3 is Fe;0,@SiO, NPs
alone. Lane 1 illustrates the significant migration of the free
aptamer from the negative electrode to the positive electrode,
driven by its negative charge. The Fe;0,@SiO, NPs in Lane 3
stay at the top with a tail exhibiting minimal migration due to
their larger size and lack of negative charge on the surface. The
Aptamer-Fe;0,@SiO, NPs in Lane 2 migrate more slowly
compared to the free aptamer in Lane 1, but much quicker than
the Fe;0,@SiO, NPs in Lane 3, indicating successful bi-
oconjugation of the aptamer to the core-shell MNPs, as the
negatively charged aptamer helps the migration of the conju-
gated core-shell MNPs; however, the large molecular size of the
Aptamer-Fe;0,@SiO, NPs causes the lower migration as
compared to the free aptamer. Using a calibration curve of
aptamer 8.28A absorbance at 260 nm (Fig. S1, SI), the concen-
tration of unbound aptamer in the supernatant after magnetic
separation was determined, indicating that approximately 32%
of the aptamer was successfully conjugated to the Fe;0,@SiO,
nanoparticles (Fig. 5).

Fe,0,@5i0, NPs

—
——

Aptamer- Fe;0,@SiO, NPs

Aptamer

:

Fig.4 Gelelectrophoresis applied to investigate the bioconjugation of
Aptamer to FesO4 @SiO, NPs. Lane 1: Aptamer; Lane 2: Aptamer-
Fez04@SiO, NPs; Lane 3, Fes0,4@SiO, NPs.
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Fig.5 Photos of E. coli DH5a suspension (1 x 107 CFU mL™) before (t
= 0 min) and after being captured by 1 mg Fez0,@SiO, NPs under an
external magnetic field, 2.0 kOe within 5 min (right).

3.3. Targeted recognition and separation of E. coli DH5«

Our results indicate that Aptamer-Fe;0,@SiO, NPs (1 mg) can
effectively capture and remove E. coli DH5a cells at a concen-
tration of 1 x 10’ CFU mL ' from a 10 mL solution when
subjected to an external magnetic field of 2.0 kOe. This selective
capture is consistent with the high binding affinity of aptamer
8.28A to E. coli DH5w, which has a dissociation constant (Ky) of
27.4 £ 18.7 nM,** confirming that the aptamer can efficiently
recognize and bind to the target strain. The same procedure was
applied to S. aureus to assess the specificity of the Aptamer-
Fe;0,@Si0, NPs. For S. aureus, both bioconjugated and non-
bioconjugated nanoparticles were tested to compare capture
efficiency, enabling a direct comparison with DH5«. The
bacterial removal efficiency reached approximately 66.7%
within 5 minutes and achieved complete (100%) removal within
10 minutes under an external magnetic field of 2.0 kOe. This
result highlights the high binding affinity and fast magnetic
separation efficiency of the Aptamer-Fe;0,@SiO, NPs
compared with controls.

The supernatants after magnetic separation were collected
when separation time at ¢ = 5 and 10 minutes, respectively; and
the samples were cultured on an agar plate to determine the
number of unbound bacteria as shown in Fig. 6. E. coli DH5w
sample exhibited very few colonies, approximately three colo-
nies at ¢ = 5 minutes; and nearly absent at ¢ = 10 minutes. In
contrast, E. coli BL21 and S. aureus showed no noticeable change
in colony formation across the same time points. The bacterial
removal (separation) efficiency of Aptamer-Fe;0,@SiO, NPs
against different bacteria with ¢ is presented in Fig. 7. 1 mg
Aptamer-Fe;0,@SiO, NPs can remove all E. coli DH5« cells at

E. coli DH5a

E.coliBL21

Fig. 6 Supernatants collected at t =5 and t = 10 min showed few or
no E. coli DH5a colonies, while E. coli BL21 and S. aureus remained
unaffected.
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Fig. 7 Selective bacterial separation efficiency of Aptamer-FezO,@-
SiO, NPs at 5 and 10 minutes, respectively. Error bars represent the
standard deviation from triplicates.

120

< 98.3 99.6 W Aptamer-
S 100 Fe,0,@SiO,
IS NPs
3 80 W Fe,0,@Si0, NPs
15
2 60
w
5
s 40 28.9
g 19.2
2 20
v -

0

4.5 x 107 3 x10°

Initial Concentration of Bacteria (CFU/ml)

Fig. 8 Living E. coli DH5« after 10 minutes of magnetic separation
with aptamer-MNPs and MNPs at 0.1x and 0.01x dilutions. The
control is core—=shell MNPs without aptamer. Bars represent the mean
of four replicates.

a concentration of 1 x 10 CFU mL™" from a 10 mL solution
when ¢ = 10 minutes. However, the separation efficiency of
Aptamer-Fe;0,@Si0, NPs against E. coli BL21 and S. aureus is
13.1 % and 29.9%, respectively, when ¢ = 10 minutes.

The bacterial removal efficiency of Aptamer-Fe;0,@SiO, NPs
was further investigated with the control (Fe;0,@SiO, NPs
without aptamer) to assess the affinity of aptamer to E. coli DH5c.
As shown in Fig. 8, Aptamer-Fe;0,@SiO, can remove 98.3% of
bacteria at 4.5 x 10’ CFU mL™*, while less that 28.9% of bacteria
can be removed when it was treated with MNPs without the
conjugation of aptamer. To diluted solution at 3 x 10° CFU
mL ™", removal by Aptamer-Fe;0,@8iO, remained high at 99.6%,
whereas Fe;0,@SiO, can only separate only 19.2% of bacteria.
These results demonstrate that the Aptamer-Fe;0,@SiO, nano-
particles exhibit consistently high and specific bacterial capture,
attributed to the strong affinity between the aptamer and the
target bacteria. In contrast, the control (non-conjugated Fes-
0,@8Si0, MNPs) show limited removal efficiency, likely due to
nonspecific physical interactions or gravitational settling.
Representative agar plates are shown in Fig. S3 (SI).

4. Conclusion

In conclusion, the engineered MNPs, consist of a Fe;O, core
with an average diameter of 16 £+ 5 nm, and the silica shell with
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a thickness of 24 £+ 4 nm. The core-shell MNPs were success-
fully bio-conjugated with aptamer (8.28A) using glutaraldehyde
as a cross-linking agent. This study demonstrates the effec-
tiveness of Aptamer-Fe;0,@SiO, NPs in capturing E. coli DH5«,
a common Gram-negative bacterium, from liquid environ-
ments. Our findings reveal that 1 mg mL ™" of these Aptamer-
Fe;0,@Si0O, NPs can efficiently capture and remove about
66.7% of E. coli DH5a cells (1 x 107 CFU mL ") from solution in
5 min under an external magnetic field of 2.0 kOe; when ¢t =
10 min, no viable bacteria remain in the solution. Whereas the
other strain of E. coli cells, E. coli BL21 and Gram-positive
bacterium, S. aureus could not be effectively removed by the
Aptamer-Fe;0,@Si0, NPs under the same condition. The
effective bacteria capture of Aptamer-Fe;0,@SiO, NPs is further
verified as compared to the capture capability of core-shell
MNPs without the conjugation of aptamer. These findings
indicate that Aptamer-Fe;O0,@SiO, NPs can selectively bind to
and remove E. coli DH5«, confirming both the successful
conjugation of aptamers and the specific recognition of the
target strain. This study suggests that Aptamer-Fe;0,@SiO, are
promising method for rapid bacterial detection and magnetic
separation, with potential applications in environmental
monitoring and public health.
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