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Abstract:

This study presents a scalable method for designing magnetic Janus nanoparticles which are
capable of performing bacterial capture while preventing agglomeration between bacterial cells.
To this end, we prepared silica-coated magnetite Janus nanoparticles functionalized with a bacteria-
specific antibody on one side and polyethylene glycol chains on the other, using the established
wax-in-water emulsion strategy. These magnetic Janus nanoparticles specifically interact with one
type of bacteria from a mixture of bacteria via specific antigen-antibody interactions. Contrarily to
bacterial capture with isotropically functionalized particles, the bacterial suspensions remain free
from cell-nanoparticle-cell agglomerates owing to the passivation coating with polyethylene glycol
chains attached to the half of the magnetic nanoparticles pointing away from the bacterial surface

after capture. Selective magnetic capture of Escherichia coli cells was achieved from a mixture
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with Staphylococcus simulans without compromising bacterial viability and with an efficiency over
80 %. This approach is a promising method for rapid and agglomeration-free separation of live

bacteria for identification, enrichment and cell counting of bacteria from biological samples.

1. Introduction

With increasing resistance against antibiotics, bacterial contamination and infection are both long-
standing and pressing issues in healthcare, nutritional industries and environmental engineering.
Although new ways for eliminating pathogens have been developed in the last years, for example
based on metal nanoparticles! or carbon nanomaterials,>* the precise detection and efficient
elimination of pathogenic bacteria remain significant challenges.”® An especially promising
approach for clinical diagnosis as well as environmental monitoring of pathogens is based on
superparamagnetic iron oxide nanoparticles, which have become a staple in biomedicine in the last
decades for cell labeling, separation and tracking.®!> Magnetic nanoparticles can be employed to
capture and magnetically separate live bacteria from sewage water, biological fluids and similar
systems for further analysis or elimination.'*!” However, bare magnetic nanoparticles show low
bacterial capture efficiency without further functionalization, especially due to their poor colloidal
stability in biological media.® Consequently, the development of magnetic-nanoparticle-based
systems with highly improved bacterial capture, separation and elimination efficiency is desired.
To this end, various surface functionalizations of magnetic particles have been reported in recent
publications, e.g. bacteria-specific antibodies,® ?%-?! amino acids'!??, aminated silanes?3-?°, drugs®*,
surfactants?® or synthetic ligands?” which have improved capture efficiency to some extent.

Because the surfaces of bacteria are mostly negatively charged at physiological pH, efficient

bacterial capture has been demonstrated with various positively charged nanoparticles that
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efficiently bind to bacteria surfaces. In this respect, Fang et al. showed that the larger the number
of amine groups on magnetic nanoparticles surfaces, the higher is the capture efficiency of the
Escherichia coli (E. coli) cells.?® Zhang et al. demonstrated the synthesis of polyallylamine
functionalized cationic magnetic nanoparticles to isolate negatively charged bacteria and to identify
which species actively took part in phenol degradation.!? Bhaisare et al. used positively charged
magnetic nanoparticles functionalized with an imidazole derivate to capture bacteria from blood.?
As amore specific alternative to positively charged particles, several groups described the synthesis
of antibody-functionalized magnetic polymer nanospheres for rapid capture and enrichment of one
bacterial type.® 20-2!

However, since positively charged particles unspecifically bind to negatively charged bacterial
surfaces, nanoparticle-bacteria complexes can result in agglomerated biomasses and rapid
flocculation due to electrostatic heteroagglomeration. Similarly, particles that are isotropically
functionalized with bacteria-specific antibodies cause agglomeration by forming bacteria-particle-
bacteria bridges. Agglomeration and flocculation can strongly hamper isolation and analysis of
bacterial species.”> 232 27-28 30 Particularily, agglomeration can lead to incorrect bacterial cell
counts.”> 3!-3* Furthermore, agglomerates of one bacteria type might potentially engulf other types
of bacteria or other dispersed components of the bacteria suspensions.

Hence, for sensitive detection of bacteria along with realization of exact bacterial counts, we
propose to use Janus particles, which are colloidal particles with two spatially separated properties
on a single particle surface. Such Janus particles could be designed for bacteria-specific capture on
one side and for preventing binding on the other side. In this respect, functionalization with
polyethylene glycol (PEG) is a common strategy to suppress particle binding to cell surfaces and

most biomolecules.33-38



71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

Janus particles that are equipped with a combination of biofunctional properties on a single
nanoparticle surface are gaining interest over the past several years.?> 3°4 In the context of
bacterial capture, Vilela et al. used magnesium Janus particles coated with magnetite and silver
halves, which provide magnetic and bactericidal properties respectively. These so-called microbots
are effective tools for rapid water disinfection.** Chang et al. reported the rapid detection of food-
borne bacteria by using Janus nanorods consisting of a single magnetite nanoparticle attached to a
mesoporous silica particle that was loaded with an antibacterial agent. While the reported
anisotropic systems at this point seem to provide no clear functional benefit over magnetite
particles fully embedded in a spherical structure or other isotropic designs, in these works, the
authors clearly demonstrate the potential of sophisticated multifunctional nanostructures for such
applications.> 8

Here, we report the preparation of Janus particles for magnetic separation of one specific bacterial
species from a mixture of bacteria with the added feature of avoiding agglomeration between
bacteria. This feature is only possible because of the anisotropic nature of Janus particles.
Specifically, we designed nano-sized SiO2-coated magnetite (magnetite@Si02) Janus
nanoparticles with bifunctional anisotropic properties. Antibodies against one particular bacterial
species were immobilized on one side of the nanoparticles via biotin-streptavidin conjugation while
the other side was functionalized with PEG chains via silanization, with the aim of passivating this
side of the nanoparticle against agglomeration. To this end, we functionalized 45 nm SiO2-coated
magnetite nanoparticles with streptavidin-conjugated anti-E. coli antibody and with PEG-silane on
opposing sides using the wax-in-water Pickering emulsion method.*>* For the bacterial capture
and separation experiments we used a mixture of E. coli and Staphylococcus simulans (S. simulans).
The prepared Janus particles were characterized with DLS, TEM and suitable assays to quantify

the surface functionalization. The bacterial capture system was analyzed via optical density
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measurements for measuring capture efficiency, scanning electron microscopy (SEM) to
understand the specificity of the nanoparticles and fluorescence microscopy to study agglomeration

of the bacterial suspensions, along with assays for monitoring bacterial viability.

2. Experimental section

2.1 Chemicals

Oleic acid (product no. AAAI16664AU) from Alfa-Aesar (Massacheusets, USA), 3
azidopropyltriethoxysilane (azidosilane , molecular weight 247.7 g/mol, product no. SIA0777.0)
and 2-[methoxypolyethyleneoxy)propyl]trimetoxy-silane (PEG silane solution, 90%, 6-9 PE units,
molecular weight 459-591 g/mol, product no. SIM6492.7) from Gelest Inc. (Frankfurt, Germany),
dibenzylcyclooctyne-Cy3 (DBCO-Cy3 product no. 920) from Biomol GmbH (Hamburg,
Germany), Fluoreporter Biotin Quantification Assay (product no. F30751) from Invitrogen
(Karlsruhe, Germany), acetylene-PEGs-Biotin (product no. CLK-TA105) from Jena Bioscience
(Jena, Germany), Lynx Rapid Streptavidin Antibody Conjugation Kit (BioRad, LNK161STR)
from BioRad (Oxford, United Kingdom), albumin from bovine serum fluorescein isothiocyanate
conjugate (FITC BSA, product no. A23015) from ThermoFischer Scientfic (Massacheusets, USA),
Anti-E.coli antibody (product no. ab137967) from Abcam (Cambridge, United Kingdom), gold-
conjugated Streptavidin (O.D 10, product no. AC-10-04-15) from Cytodiagnostics (Ontario,
Canada), paraffin wax (melting point 75°C to 90°C, product no. 8002-74-2) from Merck Millipore
(Darmstadt, Germany), were purchased.

Aqueous ammonia (28% NH3 in water, product number- 1336-21-6), tetracthyl orthosilicate
(TEOS, product no. 78-10-4), 1-octadecene (product no. 112-88-9), iron (III) hexahydrate (product
no. 10025-77-1), sodium hydroxide (product no. 1010-73-2), copper (III) sulfate pentahydrate

(CuS0O4, product no. 7758-99-8), hexadecyltrimethylammonium bromide (CTAB, product no.
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855920), L-ascorbic acid (product no. A92902), Lysozyme from chicken egg white (product no.
L6876), hexane (product no. 296090), cyclohexane (product no. 227048), ethanol (product no.
32205-M), 1-ocadecene (product no. 0806), polyoxyethylene nonylphenylether (IGEPAL®CO-
520, product no. 238643), phosphate buffered saline (PBS, product no. P4417) and 3-
aminoproyl)triethoxysilane (APTES; product no. 440140), Tryptic soy broth (TSB, product no.
22092), Luria Bertani medium (LB, product no. L3022) were all purchased from Sigma Aldrich
(Miinich, Germany). All of the chemicals were used as-received and without any further
purification. All investigations were made using double deionized water (ddH20, conductivity
< 0.4 uS cm™!) purified using SynergyUltra Water System (Millipore Corp., Massachusetts, USA).

2.2 Methods

2.2.1 Preparation of magnetite coated SiO2 and surface functionalization

Magnetite nanoparticles were prepared using the thermal decomposition method.*® Magnetite
nanoparticles with a silica cover were prepared according to the protocol described by Ding et al.#’
In brief, the synthesis of magnetite@Si102 nanoparticles is based on a reverse micro emulsion using
cyclohexane in the presence of IGEPAL®CO-520. The prepared nanoparticles are magnetically

collected and washed several times with ethanol.

2.2.2 Preparation of nanoscale magnetite@SiO: Janus particles

For describing the step-wise functionalizations introduced on the Janus particles, we use the
forward slash (/) to show the segregated sides on a single particle surface, and further
functionalizations introduced on the respective sides are denoted by using a hyphen (-). For

example, “PEG/azide-biotin-streptavidin-Ab magnetite@Si02” describes a silica-coated magnetite
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particle that has been functionalized on one side with PEG and on the other side with azide,
followed by biotin, followed by streptavidin, followed by biotin-conjugated antibody.

Surface functionalization of magnetite@SiO2 with azide groups was performed using the method
previously described by Lo Giudice et al. 9 ml of magnetite@SiO2 (8.7 mg/mL) nanoparticle
solution in ethanol was prepared using sonication. 0.5 mL of ethanol containing 21 uL of
azidosilane were added dropwise to the nanoparticle solution at room temperature over a period of
60 min followed by heating for another 60 min at 90°C.*® The azide-functionalized nanoparticles
were then dried and used as required. Preparation of colloidosomes using azide-functionalized
magnetite@SiO2 was performed according to the method established by Granick et al.** and further
adapted according to our previous work.*’ To impart the Janus feature, the 10 mg of the as-prepared
particle-coated wax droplets were functionalized using 20 pl PEG silane following our established
protocol.** Morphology of the solid wax droplets before and after functionalization was studied
using the SEM. The concentration of the PEG-silane was twice the theoretically calculated
monolayer coverage on the particle surfaces to ensure successful functionalization.

After dissolving the solid wax droplets using repeated chloroform and sonication steps, the
azide/PEG magnetite@SiO2 nanoparticles were extracted with water. Confirmation of the
successful functionalization of PEG on the Janus nanoparticles was performed by adsorption of
Lysozyme and FITC-BSA which was assessed by measuring the zeta-potential and residual protein
concentrations, respectively.

Using the azide-acetylene copper mediated click chemistry reaction,*® the linker acetylene-PEGa-
Biotin was attached to the azide-functionalized side of the Janus particles. This linker is required
for the attachment of streptavidin-conjugated Anti-E. coli antibody. The PEG backbone in this case

is used as a spacer to improve accessibility and flexibility of the conjugated antibodies. The linker
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attachment was performed in ethanol following the protocol from reference.*’ After 16 h, the Janus
nanoparticles were collected via magnetic separation and washed with ethanol.

To synthesize antibody-conjugated Janus nanoparticles, anti-E. coli antibody was first conjugated
with streptavidin using the above-mentioned streptavidin-antibody conjugation kit. 10 uL of
streptavidin anti-E. coli antibody (I mg/ml) were incubated with 10 mg of azide-biotin/PEG
magnetite@S102 nanoparticles in PBS for 2 h at 4°C to allow for binding between the streptavidin
conjugated antibody and the biotin groups on the Janus nanoparticles. Fully antibody
functionalized nanoparticles (non-Janus) were used as the positive control in our experiments.
Success of this functionalization step was assessed by conjugating the surface grafted biotin groups
with gold-labeled streptavidin instead of the streptavidin-conjugated antibody for visualizing with
TEM. The number of available biotin groups was quantified using the Fluoreporter biotin

quantification kit. An overview of the multi-step synthesis is shown in Figure 1.
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2. Pickering emulsion preparation
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Figure 1. Schematic representation of the synthetic route of the preparation of magnetite@SiO2
PEG/azide-biotin-streptavidin-Ab functionalized Janus nanoparticles. Step 1: azidosilane
functionalization of magnetite@SiO2 prepared using magnetite and TEOS. Step 2: Preparation of
wax Pickering emulsion droplets using azide-functionalized magnetite@SiO: in the presence of
CTAB. Step 3: PEGylation of the wax droplets was performed using PEG-silane to attach a second
functionality on the exposed surfaces of the nanoparticle. The linker acetylene-PEGa-biotin was
attached using azide-acetylene click chemistry. Step 4: anti-E. coli antibody labeled with
streptavidin was then used to produce magnetite@SiO2 PEG/azide-biotin-streptavidin-Ab

nanoparticles.
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2.2.3 Characterization

The magnetism of the magnetite@Si02 nanoparticles was analyzed using Vibrating Sample
Magnetometry (VSM, Microsense EZ9). The morphology of the Janus nanoparticles was examined
using transmission electron microscopy (TEM, Supra 40, Zeiss, Germany). The nanoparticles were
applied to copper grids (Plano GmbH, Germany). Particle size and zeta potential were measured
using a Zeta Sizer Nano ZSP (Malvern instruments, USA) with dynamic and electrophoretic light
scattering, respectively. The selective attachment of the Janus nanoparticles to the bacteria was
studied using SEM (Supra 40, Zeiss, Germany) operated at 2.00kV. The optical density (OD)
values of the magnetically separated pellet as well as the supernatant was measured at 595 nm to
calculate capture efficiency of the Janus nanoparticles. Agglomeration effects of the Janus
nanoparticles on E. coli and S. simulans after 1 h of separation was analyzed using fluorescence

microscopy (Axiovert Imager M1, Zeiss, Germany).

2.3 Analysis of bacteria capturing

2.3.1 Selective recognition of E. coli

The pure cultures of E. coli K12 (DSMZ-1077) and S. simulans (DMSZ 20324) were purchased
from “Deutsche Sammlung Mikroorganismen und Zell Kulturen” (Braunschweig, Germany) and
were grown overnight in LB medium and TSB respectively at 37°C for 24 h at 150 rpm continuous
shaking. Concentrations of E. coli and S. simulans individually and in combination were adjusted
by measuring the optical density at 595 nm (ODsvs) to obtain a total concentration of 107 cells/ml
in phosphate buffered saline (PBS pH 6.2) according to McFarland standards.” The ability of the
designed Janus particles to extract bacteria was tested by dispersing 100 pg of Janus nanoparticles
in 1 ml E. coli suspension in the absence or presence of S. simulans in PBS buffer. The negative

controls included the exposure of nanoparticles to S. simulans without E. coli to confirm the

10



211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

specificity of the conjugated antibody. After 1 h of incubation, an external magnetic field was
applied by placing a large neodymium magnet (50.8%50.8%25.4 mm, 10.5-12.0 kOe) under each
bacteria-containing well to collect the Janus nanoparticles and the ODsos of the supernatant and the
pellet was measured using a plate reader (Chameleon V, Hidex, Germany). Based on this data, the

bacterial capture efficiency was calculated based on this equation:

Initial [bacteria]0.D595 -magnetically seperated [bacteria]0.D595
Initial [bacteria]0.D595

Capture efficiency (%) = X 100

Bacterial suspensions without nanoparticles were analyzed as growth control.

To confirm the specificity of the nanoparticle adsorption on E. coli, the bacterial samples after
exposure to the nanoparticles were used to prepare SEM samples.> 2% 30 The bacterial solution was
deposited on a silicon wafer, which was previously functionalized with amino-propyl triethoxy
silane (APTES)>!->? to facilitate bacteria adsorption at the silicon substrate, followed by steps of

glutaraldehyde fixation and ethanol dehydration.?

2.3.2 Invitro assessment of magnetic particle cytotoxicity:

Cell viabilities were tested based on adenosine triphosphate (ATP) quantification, colony forming
units (CFU) counting and cell membrane integrity analysis. ATP quantification was performed
using the luciferase-based BacTiterGlo™ assay (product no. G8231) purchased from Promega
(Germany) which measures the ATP-activated bioluminescence of luciferin. Membrane integrity
was assessed using the live/dead assay (Live/Dead, BacLight™, Life technologies, Germany). For
the live/dead assay, a mixture of the dyes propidium iodide and SYTO®9 was added to the bacteria
suspension after exposure to nanoparticles and then analyzed using fluorescence microscopy

11
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(Axiovert Imager.M1, Zeiss, Germany). Colony forming units were counted based on the number
of visible colonies on an agar plate. Adequate dilutions of bacterial suspensions are spread on an

agar plate to obtain countable numbers of distinct colonies.

3 Results and Discussion

3.1  Preparation of azide-functionalized magnetite@SiO2 nanoparticles

The multistep approach for the preparation of the Janus nanoparticles is illustrated in Figure 1.
The initial magnetite nanoparticles were prepared using the thermal decomposition method. The
mean hydrodynamic diameter (weighted by numbers) of the synthesized magnetite particles was
12 nm £ 2 nm, as obtained by dynamic light scattering (DLS) measurements (Figure S1). This
diameter matches the range of diameters found via TEM. VSM analysis of magnetite nanoparticles
showed superparamagnetic behavior with a saturation magnetization of 9 emu/g and an absence of
magnetization hysteresis (Figure S1). The magnetite nanoparticles were then coated with a silica
cover using TEOS by way of the reverse microemulsion and sol-gel method introduced by Ding et
al.*’ The size of the magnetite@SiO2 particles was 45.6 + 2 nm which was again measured using
DLS (Figure 2 A and B and Figure 3) and confirmed by TEM. The polydispersity index (PDI) of
the DLS measurements was 0.15 + 0.05, which points to a fairly narrow size distribution of the
coated particles. VSM analysis of the coated particles showed that silica-coated particles are
superparamagnetism with a moderate saturation magnetization of around 9 emu/g (Figure 2 C).
The saturation magnetization of the uncoated iron oxide particles was in the same range (Figure
S1).

The magnetite@SiO2 particles were functionalized with azide groups using an azidosilane.3”]
Azide functionalization caused an increase in the hydrodynamic size of the particles from 45.5 £ 2
nm to 50.4 nm + 4.6 nm. A barely significant decrease in the negativity of the surface charge from

12



259  -32+2.1mV to-29.3 +2.4 mV was recorded (Figure 3), indicating that only a very small amount
260  of active zwitterionic azide groups are present on the particle surface, which was comparable to

261  our previous works and was confirmed using the azide quantification assay (Section 3.3).4°
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263  Figure 2. TEM micrograph of the prepared magnetite@SiO: particles. Magnetite nanoparticles
264  were prepared using the thermal decomposition method and were further coated with silica using
265 the reverse microemulsion method. (A)The as-prepared magnetite@SiO2 particles had a
266  hydrodynamic diameter of 45.6 £ 2 nm. (B) Close-up of the TEM micrograph of magnetite@SiO-.
267  (C) Magnetization of magnetite@SiO2 showed typical superparamagnetic behavior.

268

269  Functionalization with azide was analyzed using the DBCO-Cy3 assay, which quantifies the
270  fluorescent dye Cy3, which selectively binds to azide groups. The number of azide groups was
271  further normalized to the particle surface area in nm?, which is shown in Figure 3 C.% 3 DBCO-
272 Cy3 attachment to the unfunctionalized magnetite@SiO2 (0.18 £ 0.06 groups/particle) was

273  negligible compared to the fully azide-functionalized nanoparticles (8.2 + 0.4 groups/particle). The

13



274  rather low number of active azide groups/particle quantified in this work was comparable to our

275  previous publication as well as to the work of LoGuidice et al.*% 33
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277  Figure 3. Size and surface properties of magnetite@SiO2 in PBS before and after different
278  functionalization. (A-B) Size and zeta potential overviews of the nanoparticles with different
279  surface functionalization was measured via DLS. (C-D) Quantification of azide and biotin
280 functional groups was done to confirm the success of the modification steps. The number of
281  functional groups per particle is specified above each bar. Labels on (C-D) apply to (A-B) as well.
282  The number of available azide and biotin groups on the particles was determined using the
283  fluorescence of DBCO-Cy3 and the Fluoreporter® Biotin quantification kit, respectively. The label
284  “native” represents unfunctionalized magnetite@S102 nanoparticles.
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3.2 Preparation of wax-in-water Pickering emulsions

Since particles at liquid-liquid3>® or air-water interface®® tend to undergo free rotation, a
solidifying oil phase, for example paraffin wax, is required for entrapping particles at emulsion
droplet interfaces, which enables Janus functionalization of the exposed particle side.*’ In our case,
the azide-functionalized nanoparticles were deposited on the surface of molten wax droplets,
followed by cooling and solidifying the droplets, using the method established in our previous
publication*’, which was adapted from the approach by Granick et al.>* The azide-functionalized
magnetite@S10: particles (zeta potential -29.3 mV) were hydrophobized with the water-soluble
surfactant CTAB to facilitate adsorption at the wax droplet surface. Compared to the original
protocol, the surfactant concentration was roughly proportional to the increased surface area
exhibited by the nanoscale particles.*® In order to remove the excess of surfactant, which might
interfere with the upcoming functionalization steps, the particle-bearing solidified wax droplets
were washed several times with water until no more foaming of the washing water could be
observed. These solid wax emulsions sustained the washing steps and the upcoming
functionalization steps, which was also analyzed by SEM (Figure S2). SEM micrographs of
particle-bearing wax particles show a size distribution of 500 nm to 50 pum (Figure 4 A). An
irregular distribution of monolayers of nanoparticles was observed on the wax droplets (Figure 4
A, inset) and the azide-functionalized magnetite@Si102 remained partially embedded in the wax
surface.** Gram quantities of wax Pickering emulsion droplets are produced using this method and

hence can be used for large-scale preparation of Janus nanoparticles.

15



307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

Figure 4. (A) SEM micrographs of wax Pickering emulsion droplets prepared using azide-
functionalized magnetite@SiO2 particles. Inset: close-up of the nanoparticles on the solid wax
droplets. (B) TEM micrographs of the prepared Janus particles functionalized with PEG chains on
one side and biotin groups on the other. Inset: close up of the as-prepared Janus nanoparticles. The
presence of biotin on one side is confirmed using 10 nm gold-labeled streptavidin (see Figure S3

for additional images).

3.3 Janus functionalization with PEG-silane

To prepare bifunctional Janus particles, solid wax emulsions were dispersed in ethanol (10 mg/ml)
and PEG-silane was added drop-wise to the solution under continuous stirring. After 2 h of
incubation with the silane, minor loss of nanoparticles was observed from the wax particles (see
Figure S2). A threefold excess of the silane concentration was used in order to ensure the
attachment of the PEG groups in a dense surface coating. After functionalization with PEG groups,
cyclohexane was used to dissolve the wax cores and release the PEG/azide magnetite@SiO2
nanoparticles. DLS analysis of PEG/azide functionalized nanoparticles in PBS revealed a size of

90.1 =3 nm (PDI = 0.15) and a surface charge of -24.8 + 2.3 mV.

16



325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

After the preparation of the PEG/azide Janus nanoparticles, the amount of azide groups quantified
was 4.6 £ 0.15 groups/particle, which is approximately half of the quantified groups on the fully
azide-functionalized nanoparticles. This also confirms the Janus feature imparted using the partial
masking by embedding in the surface of solid wax droplets.

PEG functionalization on nanoparticles has been widely studied to improve targeting efficiencies
of nanoparticles by reducing protein corona formation.’’>® Polymer chains arising from
PEGylation on nanoparticles precludes them from interacting with other nanoparticles and
components of biological systems, particularly surface-active proteins. This renders such
nanoparticles less vulnerable to agglomeration and strongly reduces their interactions with cell
surfaces. Therefore, PEG modification was analyzed by adsorption of the proteins fluorescein-
isothiocyanate-modified bovine serum albumin (FITC-BSA) and lysozyme. 10 mg/ml
nanoparticles of unfunctionalized, non-Janus (PEG functionalized) and Janus (azide/PEG) were
incubated with 2 mg ml! FITC-BSA for 1 h. After incubation of the nanoparticles, the particles
were washed twice and the amount of protein bound to the nanoparticles (Figure 5 A, black bars)
and of the unbound protein (Figure 5 A, grey bars) were quantified photometrically. The amount
of BSA adsorbed on 10 mg of anionic, unfunctionalized magnetite@SiO: particles was 900 £+ 100
nmol g! of the respective nanoparticles. Adsorption of FITC-BSA (isoelectric point = 4.5,%°
slightly negatively charged at pH 6.2) was observed on negatively charged nanoparticles, which
can be attributed to van-der Waals interactions, hydrophilic, hydrophobic, steric and structural
interactions along with electrostatic interactions.®%-®! Lowest protein adsorption was recorded in
case of non-Janus (full PEG) magnetite@SiO2, as expected. In the case of the Az/PEG Janus

nanoparticles, the amount of adsorbed FITC-BSA was 600 + 50 nmol g*!, which was reduced
compared to that of the unfunctionalized (900 + 100 nmol g!) but was higher than that of the non-

Janus (200 + 50 nmol g!) PEGylated nanoparticles. Summation of adsorbed and supernatant
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concentrations of FITC-BSA roughly amounts to the initial concentration of FITC-BSA in all
experiments (2000 nmol g*") considering potential losses of FITC-BSA during sample preparation.
Additionally, we confirmed PEGylation by adsorbing the protein lysozyme (Figure 5 B). Lysozyme
exhibits an isoelectric point of 11%% and therefore is positively charged in PBS at pH 6.2.
Consequently, it adsorbs on negatively charged magnetite@Si102 due to electrostatic interactions,
which would be evidenced by the change in surface charge of the nanoparticles. The zeta potential
of negatively charged unfunctionalized (-32 mV) and azide-functionalized (-29.3 mV)
magnetite@SiO2 changed to +10 £ 8 mV and to +8 £ 6.2 mV respectively. Hardly any alteration
in the surface charge was observed in the case of non-Janus PEG functionalized nanoparticles,
wherein the zeta potential values underwent a change from -24.4 +4.7 to -22.5 £ 2.6 mV. Lysozyme
adsorption resulted in a moderate change in the zeta potential of the Janus nanoparticles (Az/PEG)

from-24.8 £ 5 mV to -10 £ 2 mV.
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363

364  Figure 5. Characterization of PEG modification on magnetite(@SiO2 nanoparticles before and after
365 functionalization with PEG. (A) Quantification of the amount of FITC-BSA adsorbed on the
366 nanoparticles after PEGylation. (B) Zeta potential changes were analyzed before and after
367 adsorption of lysozyme to qualitatively analyze the success of PEGylation on the respective
368 nanoparticles mentioned under the respective bars.

369

370 3.4  Biotin functionalization

371  In order to attach the streptavidin-functionalized antibody for attaining selective E. coli capture,
372  the PEG/azide functionalized Janus particles were coupled with the linker acetylene-(PEG)4-biotin

373 via copper mediated click chemistry. After this functionalization step, only a negligible amount of
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DBCO-Cy3 attached to PEG/azide-biotin nanoparticles (0.22 groups/nm?), indicating that no
unreacted azide groups remain on the surface of the nanoparticles (Figure 3 C).

The number of biotin groups obtained via the Fluoreporter assay showed a negligible amount of
biotin for all negative control measurements (native, full azide, full PEG and PEG/azide
functionalized nanoparticles, Figure 3 D). An increase in the number of biotin groups was observed
after the linker was attached to yield PEG/azide-biotin Janus nanoparticles 4.6 + 0.16
groups/particle), which closely corresponds to the number of azide groups on the PEG/azide Janus
particle surface, confirming the success of biotin functionalization. As an additional control, we
synthesized fully biotin-functionalized magnetite@SiO2 nanoparticles, which showed 8.2 + 0.18
groups/particle (Figure S4 D).

Attachment of biotin groups on PEG/azide-biotin magnetite@SiO2 caused a change in the surface
charge of PEG/azide nanoparticles from -24.8 + 3.2 mV to -9.78 + 4.1 mV alongside an increase
of size from 90.1 £ 4.3 nm to 101 + 10 nm (Figure 3 A, B).*

To visually confirm the functionality of the biotin groups towards streptavidin conjugation on one
hemisphere of the Janus particles, we incubated PEG/azide-biotin with gold-conjugated
streptavidin.®® As shown in Figure 4 B (overview) and 4 C (close-up), attachment of the
streptavidin-gold on only one half of the nanoparticles was observed (see Figure S3 for additional

images).

3.5 Antibody conjugation for PEG/azide-biotin-streptavidin-Ab Janus particles

The anti-E. coli antibody selected for this project specifically binds to the K antigen expressed by
serotype E. coli K12.93 After conjugating the anti-E. coli antibody with streptavidin following the
protocol provided by the suppliers, PEG/azide-biotin functionalized nanoparticles are

functionalized with the antibody on the azide-biotin hemisphere of the nanoparticle, leaving the
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PEG chains on the other side of the particle. Size and zeta potential analysis of the PEG/azide-
biotin-Ab-functionalized magnetite@Si0: yielded particles with a size of 104.3 £+ 6.8 nm (Figure
3 A) and zeta potential of -7.4 £ 4.2 mV (Figure 3 B). The particles are colloidally stable despite
the complex functionalities and multiple synthesis steps as evidenced by a fairly low PDI of 0.15.
As an additional control, we also synthesized non-Janus anti-E. coli antibody-coated
magnetite@Si102 nanoparticles with a size of 110.4 + 5.7 nm (Figure S4 A) and a zeta potential of

+7.45 + 2.54 (Figure S4 B).

3.6  Aggregation of bacteria

The above described PEG/azide-biotin-streptavidin-Ab Janus particles were designed to capture
one specific type of bacterium (E. coli K12 in this case) from a mixture of bacterial strains. To this
end, the as-prepared particles were incubated with a 1:1 mixture of E. coli and S. simulans as well
as with both strains individually. In order to visualize the bacteria with fluorescence microscopy,
the cells were stained via the live/dead method. Green fluorescence shows viable bacterial cells
with intact membranes (Figure 6). Dead cells (red fluorescence) were not observed in these
experiments. The nanoparticles were exposed to E. coli, S. simulans or both for 1 h after which the
live/dead staining procedure was carried out during the period of another 15 min. Figure 6 A-C
show E. coli, S. simulans and the combination of both bacterial strains in the absence of
nanoparticles. In the presence of the anionic unfunctionalized magnetite@SiO2 nanoparticles, no
bacterial agglomeration was observed in case of either the individual bacteria or a combination of
both (Figure 6 D-F). After incubation of E. coli (Figure 6 G) and a mixture of E. coli and S.
simulans (Figure 6 I) with nanoparticles fully functionalized with anti-E. coli antibody (non-Janus),
clusters of bacteria were observed. S. simulans alone in the presence of anti-E. coli antibody-coated
magnetite@Si02 remained unaffected from the clustering effect, which shows the specificity of the
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antibody functionalized nanoparticles. The non-Janus antibody-functionalized particles most likely
form cell-nanoparticle-cell bridges leading to the formation of bacterial flocs. As expected from
our particle design, Janus functionalized PEG/azide-biotin-streptavidin-Ab magnetite@SiO2
particles prevented agglomeration of E. coli cells in the presence (Figure 6 L) or absence of S.

simulans (Figure 6 J). S. simulans alone remained unaffected by all types of nanoparticles (Figure

6 B, E, H, K).
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Figure 6. Fluorescence microscopy graphs of E. coli and S. simulans cells without (A-C) or with
(D-L) the indicated nanoparticles for 1 h. Live/dead fluorescence staining was used to distinguish
between viable (green) and dead (red) cells. The scale bar in L represents 100 um and applies to

all images. The label “native” represents magnetite@SiO2 without any surface modification. Anti-
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E. coli Ab nanoparticles indicate magnetite@Si0O2 nanoparticles that are fully functionalized with
anti E. coli antibody (non-Janus), whereas PEG/azide-biotin-streptavidin-Ab nanoparticles indicate

Janus nanoparticles with the respective functionalities each side.

3.7  Bacteria capture efficiency

By placing a neodymium magnet (50.8x50.8x25.4mm, 10.5-12.0 kOe) below the well plates with
the bacteria/nanoparticle suspensions (Figure 7A), the magnetic particles could be extracted with
varying amounts of bacteria captured by the particles (Figure 7B). After magnetic separation,
residual and pellet concentrations of the bacteria were determined and capture efficiencies were
calculated from this data (Figure 7C). In order to determine the amount of PEG/azide-biotin-
streptavidin Ab-functionalized Janus nanoparticles required to magnetically separate E. coli cells
(ODsos), we exposed 107 E. coli cells to increasing concentrations of particles (1-500 pg/ml) (Figure
S5) over a period of 24 h. An increase in the capture efficiency was observed with increasing
concentration of particles, until a maximum of capture efficiency of 82 + 3 was recorded at 100
pg/ml which did not further increase with higher particle concentrations. At the same time, 100
ng/ml of PEG/azide-biotin-streptavidin-Ab functionalized Janus nanoparticles were incubated with
107 E. coli cells/ml at increasing time points ranging from 0-24h (Figure S6). Maximum bacterial
capture efficiency of 85 + 6 % was reached at 60 min. We measured the unspecific capture of 5 +
3 % bacterial cells using negatively charged unfunctionalized magnetite@SiO2. Capture efficiency
from the E. coli suspension increased to 80 = 5 % in the presence of PEG/azide-biotin-streptavidin-
Ab functionalized particles. Similarly, the non-Janus nanoparticles showed capture efficiencies 82
+ 9 % from pure E. coli. Capture efficiency as recorded by similar publications with isotropic
nanoparticles have values ranging from 90 - 100 %,> 'l 13 25, 64-65 the glightly lower capture

efficiency we measured is probably caused by the lower saturation magnetization of the magnetic
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cores of the Janus nanoparticles. Additionally, adhesion of the antibody-functionalized particles
might be reversible to some extent, leading to desorption of particles from the bacteria. In the
presence of S. simulans alone, all particles showed unspecific capture efficiencies below 10 %.

The Janus nanoparticles demonstrated a capture efficiency of 59 + 6 % from mixtures of E. coli
and S. simulans. Since only the optical density is measured, the test does not distinguish between
the different types of bacteria. With this bacterial mixture, the efficiency of the fully anti-E. coli
antibody-functionalized (non-Janus) nanoparticle was hardly different compared to that of the
Janus nanoparticles with 58 + 3 % (Figure 7C, light grey bars). Here, the overall capture efficiency
is reduced because only 50% of the population of cells in the mixture is E. coli which binds to the

antibody-functionalized particles with high selectivity, as established in the controls and in the

agglomeration tests above.
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Figure 7. (A) Sketch of the experimental setup for the separation process using pure bacterial
cultures as well as mixtures of bacteria. (B) Sketch of the capturing and separation principle of the
prepared Janus nanoparticles. (C) Capture efficiency was measured using optical density
measurements (ODsos). The label “native” represents magnetite@SiO2 particles without any
functionalization. Anti-E. coli Ab indicates particles that are fully functionalized with anti-£. coli
antibody (non-Janus), whereas PEG/azide-biotin-streptavidin-Ab nanoparticles indicate the Janus

nanoparticles.
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Using SEM analysis we further confirmed the specificity of the Janus particles towards E. coli cells.
A 1:1 mixture of E. coli and S. simulans was incubated without (Figure 8 A-B) and with Janus
particles (Figure 8 C-D) in PBS buffer and the cells were later deposited on a previously
functionalized positively charged silica substrate to facilitate bacteria attachment to the substrate
surface. Bacteria specific adsorption of the Janus particles, as depicted in Figure 8 D, showed the
affinity of the Janus particles towards E .coli cells only, as indicated by particles adhering in a
rough layer at the surfaces of E. coli (Figure 8 D). S. simulans remained free from nanoparticles
which is evident in the smooth surface of the bacteria in the SEM micrographs which remains

unchanged after exposure to the particles.

Figure 8. SEM micrographs of a mixture of E. coli and S. simulans incubated in the absence (A,B)
or presence (C,D) of PEG/azide-biotin-streptavidin-Ab-functionalized magnetite@Si02
nanoparticles (Janus) to visualize selective attachment of nanoparticles on the bacteria. (B,D)
Close-up view of the E. coli and S. simulans. (D) shows pseudo-colored (orange) nanoparticles

selectively attached to the rod-shaped E. coli. The scale bars represent 1 um.
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3.8  Viability assessment

Viability analysis of E. coli and S. simulans after exposure to the unfunctionalized, Janus and non-
Janus nanoparticles was performed using CFU counts and ATP quantification. To analyze

the viability of the bacteria during the capturing procedure, CFU were separately determined from
the supernatant and the pellet as obtained by magnetic separation as above. The pellet separated by
the magnet was resuspended in fresh PBS and further spread on agar plates. CFU counts are made
after 24 h of incubation at 37 °C, based on the principle that each viable cell forms a colony, which

is then termed as a colony forming unit (CFU, Figure 9 A).
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Figure 9. Viability of bacterial cells after exposure of 107 E. coli cells (ODs950.1) to 100 pg/ml of
native, PEG/azide-biotin-streptavidin-Ab (Janus) and fully anti-E. coli Ab (non-Janus)
functionalized nanoparticles in PBS buffer. After 1 h of magnetic capture, the cells captured as a
pellet (A) and the remaining cells in the supernatant (B) were plated on agar plates to count the
colony forming units (CFU). The data is expressed as % of the control (cells incubated without
nanoparticles). All data are expressed as mean + SD of values obtained from three independent

experiments.
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After the analysis of the respective supernatants after magnetic separation, we detected the
remainder of the bacterial populations in the supernatant when normalized to the starting
concentration of bacterial cells, therefore indicating that bacterial viability was not compromised
after exposure to any of the tested nanoparticles (Figure 9 B). The capture efficiency quantified
using CFU counts was generally comparable to the ODsos measurements (Figure 7 C), which
indicates that all cells separated using such nanoparticles are viable. The clear exception were the
non-Janus antibody-coated particles for which CFU counts from the E. coli suspension of only 40
+ 4% were observed which is significantly lower than the ODsos value for the bacterial capture of
85 £ 6 % shown in Figure 7. In the presence of the mixed suspension of S. simulans and E. coli,
the non-Janus nanoparticles (fully anti-£. coli-Ab functionalized) show similarly decreased CFU
counts of 42 + 10 % compared to 58 £+ 3 % in the OD analysis. However, this apparent reduction
in viability was not observed in additional ATP tests with the luminescence assay BacTiterGlo
(Figure 10 A). Here, exposure of E. coli to the non-Janus antibody-coated particles resulted in ATP
levels of 82 + 6 % and 12 + 4 % at the pellet and supernatant, respectively. Similarly, exposure of
E . coliand S. simulans to non-Janus antibody-coated particles yielded ATP levels of 60 + 5 % and
40 + 3% at the pellet and supernatant. Otherwise, results of the ATP-based metabolic activity assay
were consistent with the CFU counts (Figure 9 A and B) as well as with the bacterial separation
analysis via OD (Figure 7 C). Most likely, the decrease in bacterial cell counts in the CFU tests
can be correlated to clustering of bacteria in the presence of the non-Janus antibody-coated particles,
which was also qualitatively observed using fluorescence microscopy (Figure 6) and which leads
to underestimation of cell counts with the CFU method.”> 3% ** CFU and ATP quantifications
performed using other particles such as azide, PEG/azide and PEG/azide-biotin particles as controls

showed that cell viability was not compromised in these cases (Figure S7).
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Figure 10. Viability of bacterial cells after exposure of 107 E. coli cells (ODsos 0.1) to 10 pg of
unfunctionalized, PEG/Az-biotin-streptavidin-Ab (Janus) and fully anti-E.coli Ab (non-Janus)
functionalized nanoparticles in PBS buffer. After 1 h of magnetic capture, the amount of ATP from
the pellet (A) and the supernatant (B) was quantified using the luminescence assay BacTiterGlo.
The data is expressed as % of the control (cells incubated without nanoparticles). All data are

expressed as mean + SD of values obtained from three independent experiments.

4. Conclusion

In summary, we presented the use of the wax-in-water Pickering emulsion method for the
preparation of Janus particles for selective, agglomerate-free bacterial separation. The nanoscale
magnetic Janus particles were half-coated with an antibody specifically against E. coli and
accordingly showed over 80 % capture efficiency with this bacterium, which was comparable to
that of nanoparticles fully functionalized with the antibody. Moreover, the prepared nanoparticles
do not compromise the viability of the captured bacteria. By design, the Janus nanoparticles possess
the capacity of carrying out bacterial capture without agglomeration between the bacteria, thereby

significantly improving bacterial separation procedures for applications that require exact cell
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counts and precise separation of bacterial species. Despite the seemingly complicated multi-step
process, the functionalization strategy is based on simple and established methods and can
potentially be easily scaled and adjusted. For example, by attaching other antibodies to the Janus
nanoparticles, this method can be tailored for the separation of any bacteria of interest from

biological samples of varying complexity.
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