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1. Introduction

Size effects in magnetic separation for rapid and
efficient bacteria removal

Jingge Chen,®® Alicia M. Chandler,” Indrek Kilaots,” Qingbo Zhang® and
Vicki L. Colvin (& *ab<

Magnetic separation offers a promising strategy for bacterial removal from aqueous systems due to its
tunable specificity, biocompatibility, and facile recovery. However, the influence of nanoparticle size on
removal efficiency and adsorption capacity remains unclear. Here, we systematically investigate size-
dependent effects using porous magnetic particles covalently modified with polyethyleneimine (PEI).
Porous magnets with diameters ranging from ~50 to ~420 nm were synthesized and functionalized with
PEI to enhance electrostatic interactions with negatively charged bacteria. The resulting PEI-modified
porous magnets induced extensive bacterial aggregation and exhibited high adsorption capacities for
both Gram-negative Escherichia coli and Gram-positive Staphylococcus aureus. Adsorption capacity
increased with decreasing particle size under equal iron mass, reaching up to 18.8 x 10° CFU mg™ for
E. coli and 28.9 x 10° CFU mg™ for S. aureus. Adsorption kinetics were also size-dependent, reaching
over 95% of maximum capacity within 10 minutes for all particle sizes. The smallest particles (50 nm)
were difficult to recover without sufficient bacterial contact. In low-concentration bacterial separations,
larger particles resulted in minimal residual bacteria and achieved nearly 100% removal. These results
highlight the critical role of particle size in magnetic bacterial separation and provide guidance for design-
ing efficient magnetic adsorbents.

In the past decades, magnetic bacteria separation has made
considerable progress and emerged as one of the most versa-

Bacterial contamination remains a leading cause of human
disease." In recent years, bacterial contamination has become
increasingly severe due to the rise of antibiotic resistance and
the formation of biofilms.>™* Rapid and efficient bacterial sep-
aration is essential for applications including water treatment,
food  safety, disease diagnosis, and therapeutic
interventions.>® Additionally, emerging synthetic biology
approaches increasingly rely on the handling of large popu-
lations of genetically engineered bacteria.”'® This growing
industry further amplifies the demand for effective bacterial
separation techniques.'" Conventional methods such as cen-
trifugation, filtration, electrophoresis, and flocculation often
suffer from low specificity, limited efficiency, or secondary con-
tamination, highlighting the need for alternative strategies.'?
In contrast, magnetic separation holds great promise due to its
tunable specificity, remote controllability, high biocompatibil-
ity, and efficient recoverability."?
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tile strategies for various biomedical and environmental appli-
cations."* Many magnetic nanoparticles are surface-functiona-
lized to target specific bacteria, enabling their separation
using external magnetic fields."> Common surface coatings
include polymers, inorganic composites, and biological mole-
cules, which interact with bacteria via electrostatic forces,
hydrogen bonding, or specific biological recognition."®™'® In
addition to magnetic separation, these functional magnetic
materials can also facilitate bacterial detection via colori-
metric, fluorescent, and surface-enhanced Raman signals,
leveraging their physicochemical properties.'®>> Magnetic
nanoparticles can further enable bacterial imaging, exert anti-
bacterial effects, and disrupt biofilms through techniques
such as magnetic resonance imaging, magnetic drug delivery,
magnetic hyperthermia, and magnetic robotic actuation,
offering diagnosis and
treatment. Despite these advances, many studies focus

valuable tools for bacterial

2,23,24
on proof-of-concept demonstrations and face challenges such
as low separation efficiency, high cost, and limited scalability.
The need for improved separation performance has motivated
researchers to enhance magnetic adsorbents and systemati-
cally investigate how their physicochemical properties influ-
ence bacterial removal.
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Particle size is a critical factor affecting the performance of
magnetic separation.”> On one hand, particle size strongly
influences the motion of magnetic nanoparticles within their
surrounding medium.?® As the size of magnetic nanoparticles
increases, their magnetic moment, and the magnetic force
they experience also increase, which can substantially reduce
the separation time by several orders of magnitude.®*” On the
other hand, smaller magnetic particles possess larger specific
surface areas and exhibit more intense Brownian motion,
which can enhance their attachment to bacteria.?® However,
the interplay between these factors complicates the prediction
of size-dependent effects on bacterial separation.>®*°

Here, we investigate the size effects of porous magnetic par-
ticles on bacterial separation. Porous magnets, also referred to
as magnetic clusters, are chosen as the magnetism provider.
Compared with other magnetic materials, an extraordinarily
wide size range (~50-420 nm) could be achieved through our
modified synthesis strategy, enabling systematic exploration of
size-dependent effects. Moreover, their porous structure dis-
rupts the anisotropy of magnetic crystals, allowing the par-
ticles to maintain minimal coercivity even at hundreds of
nanometers in size, thereby preventing aggregation caused by
remanent magnetism. Polyethyleneimine (PEI), a highly cat-
ionic polymer with a dense array of amino groups, was co-
valently grafted onto the porous magnets to promote electro-
static attachment to negatively charged bacteria. PEI modifi-
cation was achieved either via (3-aminopropyl)triethoxysilane
(APTES) and glutaraldehyde as cross-linking agents or through
EDC/NHS chemistry. Representative bacteria, Escherichia coli
(E. coli) and Gram-positive Staphylococcus aureus (S. aureus),
were selected as targets because they are common biological
contaminants responsible for various infectious diseases.'®
Both low- and high-concentration bacterial separation experi-
ments were conducted to evaluate adsorption capacity,
removal efficiency, and separation kinetics, allowing a compre-
hensive assessment of particle size effects.

2. Materials and methods

2.1. Chemicals and materials

Ethylene glycol (anhydrous, 99.8%), iron(ur) chloride hexa-
hydrate (FeCl;-6H,0, ACS reagent, 97%), urea (ACS reagent,
99.0%), acetone (ACS reagent, >99.5%), methanol (suitable for
HPLC, >99.9%), toluene (anhydrous, 99.8%), iron standard
solution (Fe(NO;); in HNO; 0.5 mol L™ 1000 mg L™' Fe
Certipur®), nitric acid (HNO;, ACS reagent, 70%), polyethyl-
enimine (PEIL, branched, average M,, ~ 25000 Da), glutaralde-
hyde solution (50 wt% in H,0), (3-aminopropyl)triethoxysilane
(APTES, 99%), 2-(N-morpholino)ethanesulfonic acid (MES,
99%) were purchased from Sigma-Aldrich. Polyacrylic acid
sodium salt (PAA, M,, ~ 6000 Da) was from Polyscience Inc.
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC), sulfuric acid (ACS grade, 98%), hydrochloric acid (ACS
grade, 37%) and hydrogen peroxide (30%) were purchased
from Fisher Scientific. The UranyLess electron microscope
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stain was purchased from Electron Microscopy Science
(Hatfield, PA). E. coli strain MG1655 (CGSC# 6300) was
obtained from the Coli Genetic Stock Center (Keio Collection,
Yale University). S. aureus strain (ATCC# 25923) was provided
by Prof. Anita Shukla from Brown University.

2.2. Preparation of porous magnets

Porous magnets with different dimensions were synthesized
according to a well-developed hydrothermal method (also
referred to as the “polyol” synthesis) with specific modifi-
cation. Prior to experiments, PAA was dissolved in ultrapure
water to prepare uniform solutions (50 and 100 pg pL™"). In
each reaction, 540 mg of FeCl;-6H,0, 1200 mg of urea and
different volumes of premade PAA solutions were dissolved in
20 mL of ethylene glycol under mechanical stirring (600 rpm,
30 min). The dosage of PAA solutions used in different reac-
tions were 2000P100 (2000 pL, 100 pg pL™'), 1000P100
(1000 pL, 100 pg pL ™), 500P50 (500 pL, 50 pg uL™"), 300P50
(300 pL, 50 pug pL~") and 150P50 (150 pL, 50 pg pL "), respect-
ively. Then, the mixture was transferred into a Teflon-lined
stainless steel autoclave reactor (50 mL) and heated under
200 °C for 6 h. After cooling to room temperature, the resultant
products were washed with acetone and ultrapure water several
times through magnetic separation. The synthesized products
were redispersed in ultrapure water for surface modification.

2.3. Surface modification of porous magnets

Prior to surface modification experiments, PEI was dissolved
in ultrapure water to prepare a uniform solution in a 60
degrees Celsius water bath. Four sizes of porous magnets syn-
thesized with PAA dosages of 150P50, 300P50, 500P50 and
1000P100 were functionalized with PEI with APTES and glutar-
aldehyde as cross-linkers. In detail, premade particles were
washed with methanol several times to remove water inside
and then dissolved in 200 mL of 50/50 (v/v) methanol/toluene
mixture solution, which were added 2 mL of APTES and kept
stirring overnight.’ Following on, APTES modified porous
magnets were washed several times with water and dissolved
in 800 mL of ultrapure water together with 1 mL of PEI solu-
tion (100 mg mL™). Then, 100 mL of diluted glutaraldehyde
solution (0.001%) was added dropwise, and the mixed solution
was kept stirring for 2 h.

Another size of porous magnet synthesized with PAA
dosages of 2000P100 was modified with PEI through EDC/NHS
chemistry. In detail, premade particles were diluted with
800 mL of ultrapure water and stirred in a 2000 round-bottom
flask. Then, 50 mg EDC, 100 mg MES and 1 mL of PEI solution
(100 mg mL™") were added into the flask and the mixture was
kept stirring for 2 h (1000 rpm). The resultant products were
washed with ultrapure water several times through magnetic
separation. The concentration of PEI modified porous magnet
solutions was determined by inductively coupled plasma emis-
sion spectrometry (ICP-OES, iCAP™ 7400, Thermo Fisher
Scientific) upon digestion with nitric acid and hydrogen
peroxide.

This journal is © The Royal Society of Chemistry 2025
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2.4. Materials characterization

The morphology of porous magnets was characterized by
transmission electron microscopy (TEM) through a JEOL 2100
Field Emission Gun Transmission Electron Microscope
machine at an acceleration voltage of 200 kV. A drop of porous
magnet solution with a concentration of 100-300 ppm was
dropped on a 200-mesh carbon-coated copper grid and let
stand at room temperature overnight to allow the complete
evaporation of water. The particle size was analyzed by Image]
and over a hundred particles were recorded to report average
size as well as size distribution.

The crystal structure of porous magnets was obtained by
X-ray diffractometry (XRD) with a Bruker D8 20 Discovery 2D
X-ray Diffractometer (Cu Ka, 4 = 1.54056 A). 10 to 50 mg of
dried sample was placed on a microscope slide and pressed
even by a cover slide. The full width at half maximum (FWHM)
of the (311) peak centered at 35.4° was measured using Origin
peak analysis function. The grain size of each sample was cal-
culated based on Debye Scherrer equation: grain size = A/
FWHM cos(6).

The magnetic properties of porous magnets were evaluated
by the vibrating-sample magnetometer (VSM, Lake Shore 7400
Series VSM). Approximately 10 mg of sample was placed in a
powder sample holder for measurements. The hysteresis loop
was recorded from 10000 to —10000 oersted (Oe) at room
temperature.

The sample’s Specific Surface Area (SSA) and porosity were
determined using an Anton-Paar (formerly Quantachrome)
Autosorb-1 instrument. In these experiments, approximately 50 to
100 mg of sample was outgassed at 250 °C for 24 h. The N,
adsorption-desorption isotherms were obtained by recording
data points at relative pressures (P/P,) from 107° to 1 at a tempera-
ture of 77 K. The SSA values were calculated by applying the
Brunauer-Emmett-Teller (BET) model and the pore size distri-
butions using the non-local density functional theory (NLDFT)
slit pore model.** Micropore volume and micropore SSA were also
determined by applying the Dubinin-Radushkevitch (DR) theory.

The functional groups of PEI modified porous magnets
were analyzed by Fourier transform infrared spectroscopy
(FTIR) using a IRAffinity-1S FTIR Spectrometer (Shimadzu).
Approximately 10 mg of sample was placed on the center of
detection area. The spectra were collected from 4000 to
400 cm™" at room temperature.

The hydrodynamic size distribution and Zeta potential of
porous magnets before and after PEI modification were
measured by Zetasizer Nano ZS (Malvern Instruments Ltd).
One milliliter of particle solution with a concentration of
100-300 ppm was placed in plastic cuvettes designed for size
and zeta potential measurements. The particle solution was
equilibrated for 2 minutes at 25 °C before data collection.
Each sample was measured three times. The hydrodynamic
size was derived from Z average size. The error bar was the
standard deviation of three measurements.

The interaction of bacteria and porous magnets was charac-
terized by scanning electron microscopy (SEM, Apreo Volume

This journal is © The Royal Society of Chemistry 2025
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Scope). A drop of UranyLess contrast stain was reacted with
bacteria samples on copper grids for 50 seconds to improve
imaging.

2.5. Bacteria separation

E. coli and S. aureus bacteria were grown overnight in
100 mL of Luria-Bertani (LB) broth media at 200 rpm
(37 °C). The cell cultures were centrifuged, and the bacteria
samples were redispersed in ultrapure water. The concen-
tration of bacteria was determined by serial dilution with
subsequent plating on agar plates and measurement of
colony forming units (CFUs). When the optical density (OD)
at 600 nm of E. coli and S. aureus bacteria suspensions
reached 1.0, their concentrations were ~1.0 x 10° and ~1.5 x
10° CFU mL™".

All adsorption experiments were performed in culture tubes
at 25 + 2 °C. Normally, PEI modified porous magnets (0.2 mL,
1 mg mL™") were added into bacteria solutions (2 mL) and
incubated for 30 minutes in a shaker (200 rpm). PEI functio-
nalized 2000P100 porous magnets showed extraordinarily
high separation capacity and the experiment condition was
adjusted to 5 mL of bacteria solution and 0.1 mL of particle
solution (1 mg mL™"). In high concentration bacteria separ-
ation, the initial OD of bacteria suspension ranged from 0.1
to 0.8. In low concentration bacteria separation, bacteria
solution was serially diluted to achieve initial concentrations
ranging from 10> to 10 CFU mL™". To explore separation
kinetics, the incubation time was adjusted to 0.5, 1, 2, 3, 5,
10, 20, 30 minutes, respectively. Following on, a strong
NdFeB was then applied to separate the magnetic complex.
The concentrations of bacteria in supernatants were deter-
mined by a combination of OD600 and plate counting.
Bacteria suspensions in the OD600 detection range were
detected by OD600 and the results were converted to the
concentration of bacteria according to preliminary cali-
bration. Bacteria suspensions below OD600 detection limit
were detected by plate counting. Taking the volume change
of the reaction solution into consideration, the removal
efficiency R and adsorption capacity Q of magnetic compo-
sites can be evaluated using the following equations:

VoCo — VeC,
R=_070" Tewe 100%
VoCo
VoCo — VeCe
Q= m

where C, (CFU mL™") and C. (CFU mL™") are the initial and
post-reaction concentrations of bacteria, V, (mL) and V. (mL)
are the initial and post-reaction volumes of the reaction solu-
tion, and m (g) is the mass of the magnetic composites. Each
experiment was repeated three times. The experimental results
were averaged, and the standard deviation was taken.
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3. Results and discussion

3.1. Preparation and characterization of PEI modified porous
magnets

Porous magnets, also known as magnetic clusters, were syn-
thesized using a classical polyol method, in which forced
hydrolysis of iron salts generates condensed iron oxide phases
that gradually ripen into multicore particles under the influ-
ence of surface ligands.*>?* This process involves complex
crystal nucleation, growth, and aggregation steps, and the final
particle dimensions are highly sensitive to parameters such as
reaction time and temperature, precursor type and concen-
tration, and pretreatment conditions.*>*® These conditions
could be varied to tune the dimensions of the porous
magnets.?”%®

Here, we highlight a synthesis strategy in which the surface
ligand and water content in the reaction mixture are deliber-
ately adjusted to control cluster diameter across an exception-
ally wide range, enabling a systematic investigation of size
effects in magnetic separation for efficient bacterial removal.
As illustrated in Fig. 1a, the surface ligand PAA was first dis-
solved in water, while the remaining reactants were dissolved
separately in ethylene glycol before being combined and
heated in a sealed autoclave to form porous magnets. This
operation enabled product reproducibility as the poor solubi-
lity of PAA in ethylene glycol might cause heterogeneous syn-
thesis.®® At the same time, excellent size control was achieved
because crystal growth and aggregation depended critically on
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the relative amounts of PAA and water in the reaction
mixture.*>*!

As shown in Fig. 1b-f, increasing the amount of PAA solu-
tion resulted in progressively smaller particle diameters.
Additional TEM images (Fig. S1) confirm that the particles
were composed of numerous small primary crystals. The
reduction in particle size is likely due to the ability of both
PAA and water to suppress crystal aggregation during
growth.>”*> Measured using Image], the average particle dia-
meters were (4.2 + 0.8) x 10> nm, (3.6 + 0.9) x 10* nm, (2.1 +
0.5) x 10*> nm, 87 + 22 nm, and 51 + 6 nm, respectively. This
broad and well-controlled size range provides a robust plat-
form for investigating size-dependent effects in magnetic bac-
terial separation.®® For convenience, these porous magnets
(PM) were labeled according to their approximate diameters in
the following manuscript, which were PM_420 nm,
PM_360 nm, PM_210 nm, PM_90 nm, and PM_50 nm.

The X-ray diffractometry (XRD) patterns of these particles in
Fig. 2(a) showed strong diffraction peaks at 26 = 30.1°, 35.4°,
43.3°, 53.6°, 57.0° and 62.7°, which matched well with stan-
dard Fe;0, (powder diffraction file card JCPDS No. 19-0629)
and corresponded to the (220), (311), (400), (422), (511) and
(440) crystal planes.*>** According to the Scherrer formula, the
crystal sizes of PM_420 nm, PM_360 nm, PM_210 nm,
PM_90 nm, and PM_50 nm were calculated as 15.4, 17.9, 18.1,
15.6 and 13.2 nm, respectively. The stacking of small crystals
to form large magnetic particles could meet our desires for
large magnetic moments and avoid the influence of
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Fig. 1 Preparation and characterization of porous magnets. Synthesis scheme of porous magnets (a). TEM images and size distribution histograms
of porous magnets synthesized with different dosages of PAA solution (b: 150 uL, 50 pg pL™; c: 300 pL, 50 pg uL=% d: 500 pL, 50 pg uL=?; e:
1000 pL, 100 pg uL™%; f: 2000 pL, 100 pg pL™). Size distribution histograms summarized over 100 particles in ImageJ.
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Fig. 2 Characterization of porous magnets before and after PEI modification. The XRD patterns (a), magnetization curves (b) and Non-Local
Density Function Theory (NLDFT) slit pore model pore size distribution (c) of porous magnets. The FTIR spectrums of PEl modified porous magnets
(d). The zeta potential (e) and hydrodynamic size (f) of porous magnets before and after PEl modification.

anisotropy.>**> As shown in Fig. 2(b), all these particles

showed almost superparamagnetism even though their dia-
meters were up to hundreds of nanometers. In addition, the
saturation magnetization of PM_420 nm, PM_360 nm,
PM_210 nm, PM_90 nm, and PM_50 nm were 75.5, 74.0, 78.2,
41.0, 61.0 emu g, respectively. The high saturation magneti-
zation and minimum coercivity could ensure quick magnetic
response and avoid the influence of particle aggregation
caused by coercivity in magnetic separation.™

Calculated from nitrogen adsorption-desorption isotherms,
the specific surface area (SSA) of PM_420 nm, PM_360 nm,
PM_210 nm, PM_90 nm, and PM_50 nm was 19.1, 38.0, 66.5,
79.1, and 114.5 m” g™, respectively. As expected, with the
decrease of particle diameters, the SSA increased, which might
be because the reduced stacking of small crystals revealed
more surface area.’® Moreover, the pore size distribution of
these particles calculated from the non-local density func-
tional theory (NLDFT) slit pore model was shown in Fig. 2(c).
Most of these pores or cavities are larger than 2 nm and
smaller than 7 nm, i.e., mesopores.’” Thereinto, particles with
approximately 50 nm diameter showed quite a quantity of
10 nm pores, which could be the pores between particles. The
calculated total pore volume of PM_420 nm, PM_360 nm,
PM_210 nm, PM_90 nm, and PM_50 nm was 0.049, 0.062,
0.118, 0.230, and 0.217 cm® g™, respectively. This suggests
that the increase of surface ligands in reactions led to not only
smaller particle diameter but also higher pore content, which
could be because the size exclusive effect of surface ligands
disturbed the compact stacking of small crystals.*®

This journal is © The Royal Society of Chemistry 2025

PM_420 nm, PM_360 nm, PM_210 nm and PM_90 nm was
functionalized with PEI through APTES and glutaraldehyde as
cross-linkers, as shown in Fig. $2.>"*° The concentration of
porous magnets and glutaraldehyde in surface modification
experiments were adjusted to a very low level to prevent cross
linking.*® Moreover, the smallest PM_50 nm synthesized with
substantial PAA as surface ligands was directly reacted with
PEI amine groups through EDC/NHS chemistry to enhance
surface modification efficiency and further prevent cross
linking. PEI modified porous magnets with different diameters
were referred to as PPM_420 nm, PPM_360 nm, PPM_210 nm,
PPM_90 nm and PPM_50 nm, accordingly.

The Fourier transform infrared spectroscopy (FTIR) spectra
of PEI modified porous magnets were shown in Fig. 2(d) and
the strong absorption peak at 540 cm™" could be attributed to
vibration of Fe-O band at tetrahedral site.’® The additional
absorption peaks at 1044, 1382, 1444, and 1531 cm™" in the
FTIR spectra of particles could be attributed to the vibration of
C-N, C-C, C-N and N-H bonds, indicating the successful
functionalization of PEL>'">® TEM images of these particles
were shown in Fig. S3, indicating that morphology of these
particles was not obviously changed by PEI modification.

Dynamic light scattering (DLS) measurements are shown in
Fig. 2e and f. As presented in Fig. 2e, the zeta potentials of
PM_420 nm, PM_360 nm, PM_210 nm, PM_90 nm, and
PM_50 nm before PEI modification were 8.7 + 1.5 mV, 2.1 +
1.1 mV, -3 + 0.4 mV, —12.8 + 0.6 mV, and —38.7 + 2.2 mV,
respectively. The slight positive charge of the larger particles
likely arises from residual Fe ions on the surface, whereas the
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increasingly negative charge of smaller particles is attributed
to the higher influence of PAA surfactant.”” After PEI modifi-
cation, the zeta potentials increased substantially to 53.2
1 mV, 55.4 + 0.5 mV, 43.9 £ 0.8 mV, 47.9 £ 0.2 mV, and 50.6 +
0.2 mV, respectively, confirming successful PEI conjugation.
The resulting strong positive surface charge is expected to
enhance electrostatic interactions with negatively charged bac-
terial cells.>*>> As shown in Fig. 2f, the hydrodynamic dia-
meters of PEI-modified porous magnets also decreased with
decreasing particle size, although they remained larger than
their corresponding TEM diameters. Therefore, the particles
maintained distinct size characteristics sufficient to enable
meaningful evaluation of size-dependent effects in subsequent
magnetic separation experiments although there might be
aggregation or minimal cross-linking between particles.”®

I+

3.2. Magnetic separation of bacteria

The bacterial separation process using PEI-modified porous
magnets is illustrated in Fig. 3(a). After being introduced into

(a)

Bacteria

(b)

PEI modified
porous magnets

View Article Online

Nanoscale

bacterial suspensions, the positively charged particles electro-
statically interacted with both Gram-negative and Gram-posi-
tive bacteria, each of which carries a net negative surface
charge.” or Gram-negative bacteria, the negative charge pri-
marily originates from lipopolysaccharide (LPS) in the outer
membrane, whereas for Gram-positive bacteria it arises from
teichoic acids in the cell wall.>”*® Consistent with these struc-
tural features, the measured zeta potentials of the Gram-nega-
tive E. coli and Gram-positive S. aureus strains were —32.6 *
0.7 mV and —21.8 + 0.5 mV, respectively. Then, these porous
magnets labelled bacteria could be separated by external mag-
netic fields. The concentrations of bacteria in the supernatant
solution were then determined by a combination of OD600
and plate counting. This process is easy to operate, facilitating
wide applications."®

Besides magnetism driven separation, PEI modified porous
magnets could also induce aggregation between bacteria,
which could be attributed to charge neutralization and
bridging.”>*® The STEM images of particle/bacteria mixtures
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Fig. 3 Magnetic separation of E. Coli with PEI modified porous magnets. Scheme of magnetic separation process (a). The adsorption capacity (b)
and removal efficiency (c) of PPM_420 nm, PPM_360 nm, PPM_210 nm, PPM_90 nm with different initial bacteria amounts. The adsorption capacity
and removal efficiency of PPM_50 nm with different initial bacteria amounts (d). The remaining bacteria amount (e) and removal efficiency (f) of
PPM_420 nm, PPM_360 nm, PPM_210 nm, PPM_90 nm in low concentration bacteria separation. The adsorption kinetics of PPM_420 nm,

PPM_360 nm, PPM_210 nm, PPM_90 nm (g).
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Fig. 4 The STEM images of E. Coli interacting with PPM_420 nm (a), PPM_360 nm (b), PPM_210 nm (c), PPM_90 nm (d), and PPM_50 nm (e).

were shown in Fig. 4, exhibiting that particles bridged bacteria
and form large aggregates. The images of bacteria solution
interacted with different amounts of particles in Fig. S4 exhibi-
ted that particles/bacteria aggregation could even lead to spon-
taneous sedimentation. These aggregation and sedimentation
phenomena could further increase the simplicity of separation
operation and the removal efficiency of bacteria.®'

In synthetic biology-related applications, the separation of
large bacterial populations is often required, whereas in water
treatment, food processing, disease diagnosis, and therapeutic
applications, the bacterial concentrations in the relevant
media are typically low.”®> To simulate various application
scenarios, these PEI modified porous magnets were applied to
separate different concentrations of bacteria. High concen-
tration bacteria separation in Fig. 3(b-d) was designed to
explore the adsorption capacity of each kind of PEI modified
porous magnet for industrial applications.®®> The results
showed that as the bacterial load increased, the adsorption
capacity of the PEI-modified porous magnets initially
increased and then decreased. For small molecules or ions,
adsorption capacity generally rises with higher adsorbate con-
centrations due to enhanced mass transport.”®®* However, for
bacterial removal, all five particle sizes exhibited maximum
adsorption capacity at an intermediate bacteria-to-particle
ratio. This behavior likely arises because bacterial removal
involves not only simple adsorption but also particle-bacteria
flocculation, as suggested by Fig. 4 and Fig. S4. The initial
increase in adsorption capacity reflects more complete utiliz-
ation of the available binding sites on the PEI-modified porous
magnets. At very high bacterial loads, however, excessive aggre-
gation may be inhibited, reducing adsorption efficiency.*'
These observations indicate the existence of an optimal bac-
teria-to-particle ratio, which is important for maximizing the
practical use of magnetic adsorbents. Additionally, with

This journal is © The Royal Society of Chemistry 2025

increasing bacterial amounts, the overall removal efficiency
gradually decreased, highlighting a trade-off that should be
considered depending on the specific application.®®

The adsorption capacity of PEI modified porous magnets
increased with the decrease of particle diameter, as shown in
Fig. 3(b) and (d). The highest adsorption capacity of
PPM_420 nm, PPM_360 nm, PPM_210 nm, and PPM_90 nm
was 0.8 x 10°, 1.1 x 10°, 1.3 x 10°, 2.5 x 10° CFU mg ™", respect-
ively. Especially, the smallest PPM_50 nm could achieve an
extraordinary adsorption capacity as high as 18.8 x 10° CFU
mg~', which exceeded all reported magnetic materials.’>®®
This positive correlation between adsorption capacity and
decreasing particle size can be attributed to the larger specific
surface area of smaller particles, which enhances interactions
with bacteria. These results indicate that magnetic adsorbents
with smaller particle diameters are particularly advantageous
when high adsorption capacity is required. The findings from
high-concentration bacterial separations offer valuable gui-
dance for applications in synthetic biology.*

Considering environmental and biomedical applications,
low-concentration bacterial separations were also investigated,
with a focus on removal thoroughness (Fig. 3e and f).®” After
treatment with PEI-modified porous magnets, larger particles
(PPM_420 nm and PPM_360 nm) achieved near-complete bac-
terial removal, approaching 100% efficiency, which is highly
desirable for many practical applications.”® In contrast,
smaller particles (PPM_210 nm and PPM_90 nm), while exhi-
biting higher adsorption capacities at high bacterial concen-
trations, left residual bacteria at low concentrations (Fig. 3e).
This behavior likely reflects the importance of an optimal bac-
teria-to-particle ratio, which promotes aggregation and rapid
separation.”® At low bacterial concentrations, although some
magnetic particles can still attach to bacteria, the separation
process relies primarily on the magnetic gradient force acting
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on the particles, which may be insufficient to drive bacterial
motion.® The superior performance of larger particles in these
conditions can be attributed to their higher magnetic
moments, which enable efficient magnetically driven separ-
ation rather than depending on aggregation. Moreover, the
smallest PPM_50 nm was almost unusable in low bacteria sep-
aration and following adsorption kinetics exploration as they
were extremely hard to separate without sufficient contact with
bacteria to cancel out their electropositivity and induce aggre-
gation. They would keep stable dispersion in supernatant (as
shown in Fig. S4) due to their electrostatic repulsion and
Brownian motion, which could potentially lead to residual
contamination or toxicity issues.

To investigate bacterial separation kinetics, the adsorption
capacities of PEI-modified porous magnets of different dia-
meters were monitored as a function of reaction time
(Fig. 3(g)). All particle sizes reached over 95% of their satur-
ation adsorption capacity within 10 minutes, demonstrating
rapid bacterial removal. This fast adsorption is attributed to
the strong electrostatic interactions between the PEI coating
and the negatively charged bacterial surfaces. In addition, with
the decrease of particle diameter, the separation rate of porous
magnets increased. Particles with large diameters

(@) _ (b)
PEIl modified porous magnets
mixing with S. aureus

Adsorption Capacity (10° CFU/mg)

>

View Article Online

Nanoscale

(PPM_420 nm and PPM_360 nm) only led to a small amount
of bacteria separation in the first 3 min, whereas particles with
smaller diameters (PPM_210 nm and 90 nm) could achieve
over 75% of maximum adsorption capacities.

Compared with many functionalized materials that could
only bind with specific bacteria, the strong electropositivity of
PEI modified porous magnets could enable the effective
capture of both Gram-negative and Gram-positive pathogens.>*
Besides E. coli as the model of Gram-negative bacteria, we also
explored the separation capacity of our PEI modified porous
magnets for Gram-positive pathogens with S. aureus as the
model, as shown in Fig. 5. High concentration S. aureus bac-
teria separation in Fig. 5(b-d) also showed that with the
increase of bacteria content, the adsorption capacity of PEI
modified porous magnets tended to increase then decrease
and the removal efficiency kept decreasing. This trend mirrors
the observations for E. coli, consistent with the electrostatic
nature of particle-bacteria interactions. The STEM images of
S. aureus interacting with PEI modified porous magnets in
Fig. 5(e-i) also indicated they mediated the bridging and
aggregation of bacteria. In addition, the adsorption capacity of
each PEI modified porous magnet for S. aureus was 2.6 x 10°,
3.3 x 10% 3.9 x 10°, 5.9 x 10% and 28.9 x 10° CFU mg™},
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Fig. 5 Magnetic separation of S. aureus with PEI modified porous magnets. Scheme of interaction between S. aureus and PElI modified porous
magnets (a). The adsorption capacity (b) and removal efficiency (c) of PPM_420 nm, PPM_360 nm, PPM_210 nm, PPM_90 nm with different initial
bacteria amounts. The adsorption capacity and removal efficiency of PPM_50 nm with different initial bacteria amounts (d). The STEM images of
S. aureus interacting with PPM_420 nm (e), PPM_360 nm (f), PPM_210 nm (g), PPM_90 nm (h), and PPM_50 nm (i).
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respectively. The size effect, e.g., smaller particles led to higher
adsorption capacity, also matched well with previous
observations.

4. Conclusion

We systematically investigated the influence of particle size on
magnetic bacterial removal. A series of PEI-modified porous
magnetic particles with tunable sizes (~50-420 nm) were syn-
thesized to achieve efficient bacterial separation and systemati-
cally investigate size-dependent effects. These magnetic adsor-
bents induced extensive bacterial aggregation, including spon-
taneous sedimentation, and achieved high removal efficiencies
for both Gram-negative Escherichia coli and Gram-positive
Staphylococcus aureus. Adsorption capacity increased with
decreasing particle size, and smaller particles exhibited faster
adsorption kinetics. However, the smallest particles (50 nm)
were difficult to recover from aqueous media without sufficient
bacterial interaction, potentially leading to secondary contami-
nation. In contrast, larger particles combined easy recovery
with high removal efficiency, particularly at low bacterial con-
centrations. These results highlight the importance of particle
size in designing effective magnetic adsorbents and provide
practical guidance for applications in environmental remedia-
tion, biomedical treatment, and industrial bacterial
separation.
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