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Outer membrane lipopolysaccharides (LPS) play a crucial role in determining attachment behavior and patho-
genicity of bacteria. The aim of this study was to develop a simple procedure for anchoring bacterial lipopoly-
saccharides to polystyrene (PS) microparticles as a model system for in situ attachment studies. By using a swell-
capture methodology, commercially available LPS of Pseudomonas aeruginosa (strain ATCC 27316 serotype
10.22) was anchored onto PS microparticles in a proof-of-concept study. A detailed chemical and morphological

characterization has proven the success of LPS incorporation. It was shown that the coverage and structure of the
LPS film was concentration dependent. The procedure can easily be adapted to LPS of other bacterial strains to
generate a synthetic model toolkit for attachment studies.

1. Introduction

Outer membrane structure and chemistry govern many medically
and technically important properties of microorganisms such as their
pathogenicity and ability to attach to abiotic surfaces [1-3]. The outer
membrane of Gram-negative bacteria is a bilayer. The inner leaflet
consists of phospholipids whereas the main components of the outer
leaflet are lipopolysaccharides (LPS) [5]. One LPS molecule consists of
three domains: the lipid A, the core oligosaccharide, and the O-antigen.
The hydrophobic lipid A anchors the LPS into the membrane. The core
oligosaccharide links the lipid A to the O-antigen, which protrudes into
the medium. The O-antigens are built up from oligosaccharides of 1-8
sugars. Often the linear or branched (O-antigen) structures contain
substituents like phosphate groups, acetyl groups, glycerol, etc. [6]. The
O-antigen of P. aeruginosa serotype 10 is build up on repeating units of
N-acetylgalactosaminuronic acid (GalNA), N-Acetyl-D-Quinovosamine
(QuiN) and rhamnose (Rha) [7]. Due to their uniqueness, LPS can be
used in serological diagnostic tests [8], either to detect antibodies
formed by an immune response or conversely to be diagnosed by anti-
bodies [9].

The first attachment of bacteria on a surface required to initiate the
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biofilm formation is governed by chemical and electrochemical cell-
substrate interactions which involves cell appendages (such as pili
and/or fimbriae) and LPS [10]. For the design of synthetic model sys-
tems mimicking bacteria to be used in attachment studies, targeting the
LPS-controlled reversible processes is more applicable, as the molecular
chemistry of LPS can be better characterized and controlled than the cell
adhesins and appendages. Moreover, this approach shall directly enable
systematic studies on effects of environmental variables on LPS config-
uration and chemistry, as well as the resulting attachment characteris-
tics [11-14].

LPS extracted from bacteria has already been incorporated into
particles and particle surfaces in many studies, primarily for medical
applications. It was embedded in poly(D,t-lactide-co-glycolide) micro-
particles [15] and in nano- and microparticles of poly(lactic-co-glycolic
acid) [16]. The adsorption of LPS on the particles was demonstrated for
latex microbeads [17], polystyrene sulfonate nanoparticles [18],
carboxylated and PEGylated polystyrene nanoparticles [19], Gantrez®
nanoparticles [20] and immunomagnetic microbeads [21]. A reusable
system for adsorption and desorption of LPS by alkanethiol coated
Fe304/Au/Fe304 magnetic core-shell nanoparticles was established by
Prasad et al. [22]. Magnetic nanoparticles were also used by Piazza et al.
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[23], where LPS was anchored by a hydrophobic brush of oleylamine.
Furthermore, polyallylamine hydrochloride was used to link LPS to
alginate-coated chitosan nanoparticles [24] and CuS nanoparticles [25]
in previous reports.

The aim of this study was to develop a novel, linker-free method for
attaching LPS molecules to polymer microparticles by means of a swell-
capture method. The swell-capture method has originally been devel-
oped to sterically incorporate hydrophobic fluorescent dyes into poly-
mer particles [26,27]. We adapted this concept to LPS of P. aeruginosa to
incorporate the LPS molecules into the outmost surface of PS micro-
particles. The chemistry, surface charge and morphology of the particles
were characterized by means of X-ray photoelectron spectroscopy (XPS),
atomic force microscopy (AFM)-based infrared spectroscopy (AFM-IR),
C-potential measurements and AFM-topography analysis. The presented
methodology for grafting LPS onto PS microparticles is the first step in
developing a synthetic model system for bacterial attachment studies
and could be useful in the design of new diagnostic platforms.

2. Material and methods
2.1. Materials

Plain 1 ym diameter PS microparticles (2.5%) were purchased from
Kisker Biotech (Steinfurt, Germany). Phenol extracted lipopolysaccha-
rides from P. aeruginosa (strain ATCC 27316 serotype 10.22) and
fluorescein-5(6)-isothiocyanate (FITC) were purchased from Sigma
Aldrich (Steinheim, Germany). Borate buffer (pH 10.00), tetrahydro-
furan (THF), ethanol, PBS buffer (pH 7.4), NH3 (30%) and H05 (25%)
were acquired from Chemsolute (Th. Geyer, Berlin, Germany) Mica
sheets (V1 quality, 0.16 mm thickness) were procured from Plano GmbH
(Wetzlar, Germany). Epoxy adhesive epo-tek 377 was purchased from
Epoxy Technology Inc. (Billerica, Massachusetts, U.S).

2.2. Preparation of lipopolysaccharide-coated polystyrene microparticles

The as-delivered PS microparticle dispersion and LPS solution were
diluted to 10 mg/ml and 4.33 mg/ml, respectively. 100 pl of the diluted
PS suspension was mixed with different volumes (12-231 pl) of the LPS
solution to reach LPS concentrations of 0.07 mg/ml, 0.14 mg/ml, 0.36
mg/ml, 0.71 mg/ml, 1.07 mg/ml, 1.43 mg/ml. A PS microparticle sus-
pension undergone the same swell-capture cycle without addition of LPS
was run parallel as a zero-LPS (SO) control sample. Accordingly, the
samples were designated as S1-S6 in this manuscript. After filling up
with deionized water to 600 pl, 100 pl THF was added. The dispersion
was shaken for 30 min at room temperature in 1.5 ml reaction tubes with
a vortex-mixer (Select Vortexer, Select BioProducts, U.S.). The subse-
quent separation was performed by centrifugation at 5000 rcf for 5 min
with a Z 206 centrifuge (Hermle Labortechnik, Wehingen, Germany),
removing supernatant and refilling with deionized water. This step was
performed in total three times to obtain LPS-coated PS microparticles as
a suspension.

2.3. Determination of {-potential

For the (-potential measurements, 100 ul of microparticle suspen-
sions S0-S6 and LPS solutions with the same concentrations were mixed
with 900 pl of PBS (pH 7.4). The measurements were performed at 25 °C
with a Zetasizer Nano ZS (Malvern Instruments Ltd, UK).

2.4. Characterization of surface chemistry

XPS measurements were performed on drop-casted samples. For this
purpose, 15 ul dispersion of samples S0-S6 and untreated PS micro-
particle reference, was dropped on a cleaned silicon wafer and dried
under vacuum. The silicon wafers were previously cleaned by immer-
sion for 10 min in a mixture of deionized water, NH3 and HyO; (in the
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ratios of 5:1:1, caution: peroxide is a strong oxidizing agent, avoid
contact with organic materials and solvents) at 80 °C, rinsing two times
in deionized water in an ultrasonic bath and drying with Nj. Analysis
was performed at least on two replicates.

X-ray photoelectron spectroscopy (XPS) measurements were per-
formed with an AXIS Ultra DLD photoelectron spectrometer manufac-
tured by Kratos Analytical (Manchester, UK) with monochromatic Al Ka
radiation (hv = 1486.6 eV) at a pressure of approximately 50107 Pa. The
electron emission angle was 0° and the source-sample-analyzer angle
was 60°. The binding energy scale of the instrument was calibrated
following a Kratos Analytical procedure which uses ISO 15472 binding
energy data. The XPS spectra were taken by setting the instrument to the
hybrid lens mode and the slot mode providing approximately a 300 x
700 um? analysis area. The survey and high-resolution detail spectra
were measured with pass energies of 80 eV and 20 eV, respectively. All
spectra were recorded in the fixed analyzer transmission mode.
Furthermore, the charge neutralizer was used. The spectra were refer-
enced to the main Cls peak at 284.9 eV. UNIFIT 2018 was used for data
analysis [28]. Peak fitting was performed with a sum of the
Gaussian-Lorentzian curves with a fixed Gaussian-Lorentzian ratio and a
halfwidth. The obtained fitting parameters are given with the fits. For
the background subtraction, a modified Tougaard background was used.
The quantification was performed with the survey spectra. Therefore,
the peak areas of the main peaks after subtraction with a modified
Tougaard background were normalized with the element-specific Sco-
field factor, the spectrometer-specific transmission function and the
inelastic mean free pathways of the photoelectrons.

To obtain information on local chemistry, AFM-IR measurements
were performed. For the sample preparation. 15 pl of the dispersion of
samples SO-S6 was dropped on fresh mica stripped gold substrate and
dried under vacuum to get areas of closely packed particles. The AFM-IR
data reported in this study were obtained using a NanoIR2s (Bruker /
Anasys Instruments) coupled with a multichip QCL source (MIRcat,
Daylight Solutions; tunable repetition rate range of 0-500 kHz; spectral
resolution of 1 em™ 1) covering the range from 900 em™ to 1900 cm™. An
Au-coated silicon probe (tapping AFM-IR cantilever, Anasys In-
struments, spring constant 1-3 nN m™!) was employed.

2.5. Labeling with FITC

For the preparation of FITC-labeled LPS-coated microparticles 20 ul
stock solution of 20 mg/ml FITC in ethanol was mixed with 100 ul mi-
croparticles suspension of the samples SO and S5, and 380 pl borate
buffer (0.1 M, pH 10.5) was added. The reaction tubes were placed in
Thermomixer-Mixer HC (Starlab, Milton Keynes, U.K) for 3 h and
rotated at 800 rpm at 37 °C. After incubation, the excess FITC was
removed by centrifugation at 5000 rcf for 10 min with a MiniSpin plus
centrifuge (Eppendorf, Germany), discarding of the supernatant and
refilling with ethanol. This step was performed three times. Subse-
quently, the same procedure was repeated with deionized water. Im-
aging of the FITC-labeled microparticles was done with a fluorescence
microscope (Leica SP8, Germany). The liquid sample was excited with
an LED light source with a wavelength of 470 nm and the filter cube
DFT51010 (dichroic filter: 500 nm, emission: 506-532 nm, Leica, Ger-
many) was used for detection.

2.6. Analysis of surface topography

Freshly cleaved mica pieces were prepared according to Wagner
[29]. Shortly, mica stripes were cleaved, and the inner freshly exposed
layer was placed into a holder of a vacuum deposition machine (Crea-
vac, Germany). At a pressure of 10°° bar gold was deposited at 1 A/s to a
thickness of 100 nm with the thermal evaporation device. Coverslips
were glued with epo-tek 377 on the gold layer and heated for 1 h at
150 °C. After cooling they were stored until use. THF was used to cleave
the gold layer before the experiment. Freshly exposed gold surfaces were
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Fig. 1. Process and proposed swell-capture mechanism of preparation of LPS-coated PS microparticles. The schematics is not to the scale. PS microparticles have a

diameter of 1 um, the O-antigen has an average length of ~10 nm [4].
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Fig. 2. {-potential of P. aeruginosa LPS at different concentrations in PBS and
LPS-coated PS microparticles in PBS (pH = 7.4) as a function of the LPS
concentration.

dripped with 15 ul dispersion of LPS suspension, sample S0, S5, S6 and
pure PS microparticles and dried under gentle swirling in vacuum. The
formation of monolayers of densely packed microparticles was observed
in series of AFM images with increasing spatial resolution (the series
with S6 are presented in the supplementary information Fig. S2). For the
high-resolution topography analysis, AFM images were acquired in an
area of 500 x 500 nm? and 250 x 250 nm? on the top surface of single
microparticles within the grid to minimize artefacts due to the particle
curvature. AFM measurements were performed using a Nanowizard 4
(JPK, Bruker Nano GmbH, Berlin, Germany) in higher overtone AC
mode with AD-2.8-SS (Adam innovations, Ireland) cantilevers. The
cantilever was vibrated at the second resonance frequency at 325.16
kHz. The calibration was performed with the thermal noise method
which is implemented in the Nanowizard 4 control suite. The spring
constant ke and the sensitivity Sy for the second resonance frequency
was 49,88 N/m and 8,2 nm/V, respectively. The power-law exponent {,
according to [30] was 1.98. Scanning was performed at a line rate of 0.6
Hz with a 2 nm drive amplitude. It was crucial to use low pressure with a
relative setpoint of 85-90% and a low gain. Visualization of the data was
done with the software JPK Data Processing 6.1.88, it is important to
note that flattening of the round sphere top leads to distortion in the
topography images.

3. Results and discussion

The aim of this work was to develop a novel methodology flexibly
applicable to the design of synthetic model microparticles mimicking
bacterial cells. For this purpose, lipopolysaccharides of P. aeruginosa
were impregnated into the surface of PS microparticles using a swell-
capture mechanism which is schematically summarized in Fig. 1.

PS microparticles loaded with six different concentrations of LPS in
PBS and PS microparticles undergone the same swell-capture cycle
without addition of LPS were tested by means of {-potential analysis.
Additionally, LPS suspensions with the same concentrations were stud-
ied to investigate the (-potential of the LPS molecules at relevant
concentrations.

LPS of P. aeruginosa is mainly negatively charged in the O-antigen
region in comparison to other Gram-negative bacteria [4,31]. Contrib-
uting to the charge of LPS are phosphates groups in the core oligosac-
charide as well as carboxylic acids and amides in the core
oligosaccharide and O-antigen [7]. Pure LPS in aqueous solutions forms
aggregates above a critical concentration, with their O-antigens pro-
truding into the aqueous phase [32]. A negative {-potential of —12.4 mV
was reported for LPS [33] which was in agreement with our results
presented in Fig. 2.

The PS subjected to the swell-capture cycle without LPS (S0) had the
lowest (-potential value (—31 mV), which can be explained with the
presence of charged groups on the PS surface. Such groups can originate
from residues of polymerization initiators at the ends of the polymer
chains [34]. Moreover, it is reported that the preparation method of the
PS particles has a significant influence on the {-potential [35]. With
increasing LPS concentration, the (-potential of the microparticles
increased and approached a saturation level of ca. — 16 mV as can be
seen in Fig. 2, which is approaching the {-potential of the LPS aggregates
formed under the same conditions. The increase of the {-potential was
asymptotic with a step between S4 (0.71 mg/ml) and S5 (1.07 mg/ml).
A decrease of the negative electrophoretic mobility of PS particles with
increasing coverage of LPS absorbed to the particles from the aqueous
phase was reported by Peula-Garcia et al. [18]. Along with the {-po-
tential, the size of the microparticles was measured using dynamic light
scattering. The size distributions of the starting material as well as mi-
croparticles after swell-capture cycles with and without LPS were broad.
The change in particle diameter observed between samples SO0-S6 was
within the statistical variation of the size distribution of the pristine PS
microparticles (see Supporting Information, SI).

The incorporation of the LPS onto PS microparticles was investigated
by means of XPS and AFM-IR. The atomic concentration of nitrogen,
derived from the N 1 s peak at ~ 400.2 eV was used to evaluate LPS
presence on the surface of the PS microparticles. Since the information
comes directly from the outer region of the microparticles and the
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Fig. 3. Effect of LPS concentration used during particle preparation on the concentrations of nitrogen containing species analyzed by means of XPS; a) overall
nitrogen concentration evaluated from the N 1 s-peak at ~ 400.2 eV; and b) the percentage of nitrogen in the form of nitrogen containing-carbon species in relation to
all carbon species measured. Error bars indicate instrument-related measurement uncertainty.
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Fig. 4. High resolution XPS spectra of the C 1 s peak for samples SO (a) and S5 (b) with fitting parameters of the respective species.
nitrogen originates only from the LPS molecules, the nitrogen concen-
tration correlates directly with the coverage of LPS on the microparti- ——3S5
cles. The average measured nitrogen percentage of each sample was ﬂ ~~~~~~~~~ SO
taken and plotted in Fig. 3a. With the S1 sample no nitrogen species | - pure LPS

were detected. The step from S4 to S5 was more pronounced. Phosphate,
also a component of LPS, was not detectable since the P 2p region
overlapped with the Si 2p and 2 s regions originating from the silicon
wafer.

The carbon peak around 285 eV in the XPS spectra is a convolution of
peaks resulting from different carbon species. The species concentration
of the N-(C*=0)-C compound (peak area(N-(C*=0)-C): total C 1 s area)
at around ~ 288.5 eV [36] is presented in Fig. 3b for SO-S6. Regarding
the fluctuating values at the low LPS concentrations, it is noted that at
lower concentrations the signal to noise ratio was quite high. Therefore,
the nitrogen shoulder can only be clearly identified at values > 1 mg/ml
LPS. From the results in Fig. 3, it can be concluded that the LPS occu-
pancy follows a stepwise mechanism: at first, only traces of nitrogen
from LPS are detectable on the microparticles, from ~ 1 mg/ml onwards
the peaks assigned to LPS occupancy increases abruptly.

Fig. 4 shows the detail spectrum of carbon peaks for SO (a) and S5 (b),
respectively. With increasing LPS concentration, nitrogen carbon com-
pounds become clearly visible in the spectrum. They can be attributed to
amides in the LPS structure. Simultaneously, the amount of the oxygen-
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Fig. 5. AFM-IR spectra of sample S5, PS microparticles undergone the same
swell-capture cycle without addition of LPS (S0) and pure LPS on Au substrates.
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Fig. 6. AFM height measurements of (a, d) untreated PS microparticles, (b, e) microparticles undergone the same swell-capture cycle without addition of LPS (S0)
and (c, f) microparticles with the highest LPS concentration (S5). High-resolution scans were performed on top of the microparticles to minimize tilt-correction

induced artefacts.

containing carbon compounds attributed to sugars in the saccharide
chains increased with increasing LPS concentration.

XPS analysis provides averaged chemical information from a large
(~ 1 mm x 3 mm) sample area. Thus, as a second method with high
spatial resolution, AFM-IR, was used to interrogate the surface chemistry
of the LPS-anchored PS microparticles.

AFM-IR is a hybrid technique where chemical characterization pro-
vided by infrared spectroscopy can be obtained at the spatial resolution
of AFM [37,38]. This is realized by using the gold-coated tip of AFM to
locally detect thermal expansion of a sample resulting from local ab-
sorption of IR radiation. Therefore, the AFM cantilever acts in this
method as the IR detector, allowing the AFM-IR technique to overcome
the spatial resolution limits of conventional IR microscopy. A tunable

infrared laser working in the range between 900 and 1900 cm™ was
applied as the source of IR radiation. Local IR spectra (Fig. 5) were
collected from the pure LPS (spin-coated on gold), PS microparticles
undergone the same swell-capture cycle without addition of LPS (S0),
and PS microparticle with anchored LPS (S5). It should be noted that the
penetration depth of the laser is much higher than the thickness of the
LPS (10 — 12 nm [4]) therefore the underlaying PS in the S5 sample is
also active and PS typical peaks are likewise detected by this method.
Typically, LPS spectra contain a broad and relatively large peak in the
carbohydrate region assigned to C-O and C-O-C vibration at 1036 cm’.
The peak at 1453 cm™ assigned to C-H stretching vibration was detec-
ted. Peaks at 1560 cm™ and 1633-1655 cm™ corresponding to v(C-H)
+ 8(C-N-H) [Amide II] and v(C=O0) [Amide I] were also detected

Fig. 7. Microscopy images of the LPS-coated PS
particle of sample S5 (a) and the control sample
SO (b) after labeling with FITC in aqueous
dispersion. Lower part is the bright-field chan-
nel and upper part is an overlay of bright-field
and fluorescence channel (excitation: 470 nm
LED, emission 519/25 nm bandpass filter) with
10 um scale bar. It becomes obvious that sam-
ple S5 (with LPS) strongly emits in the FITC
fluorescence channel, whereas sample SO
(without LPS) does not show significant
fluorescence.
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respectively [39,40]. Since those vibrations are not present in pristine
PS, they were chosen as characteristic peaks to detect an attached layer
of LPS on the PS microparticle. In red the spectrum of PS microparticles
without LPS is presented as a comparison. In this sample typical vibra-
tion bands of PS were recorded with the double features at 1452 and
1492 cm™! which are typical for vibrations of -CH, and benzene ring as
well as a peak at 1600 cm’! corresponding to C—=C vibrations [41]. The
appearance of LPS-specific vibrations in the AFM-IR spectra conclusively
proves that the LPS anchoring was successfully achieved by means of the
swell-capture method.

The AFM topography images of the as received PS microparticles as
well as samples SO and S5 are presented in Fig. 6. The monolayer of PS
microparticles as well as different magnifications of S6 are presented in
the SI (Fig. S2.). As seen in Fig. 6b and e, the mere treatment of PS ac-
cording to the described protocol, which includes swelling with THF,
influences, albeit faintly, the topography. It must be taken into account
that when flattening a 3-dimensional sphere into a two-dimensional
image, distortions may occur. However, small threadlike structures are
visible in Fig. 6¢ and f which are missing on the microparticles without
anchored LPS (Fig. 6a, d and b, e). Since the structures are missing on
untreaded PS particles and SO it can be assumed, that the structures in
Fig. 6¢ and d most likely originate from the protruding LPS domains, or
anchored aggregates. It should be mentioned that AFM measurements
were performed in air. Hence, the presented images reflect the situation
of dried LPS.

To test the homogeneity and reproducibility of the LPS anchoring
process, samples SO and S5 were labeled with FITC and imaged by means
of fluorescence microscopy with irradiation at 470 nm. Fig. 7 shows
microparticles of SO and S6 which adhered to the bottom of a coverslip
in aqueous suspension. The presence of FITC on the microparticles of S5
suggests covalent bonding with primary amines [42]. Such amines can
be found as substitutes in the P. aeruginosa core oligosaccharide [43].
The strong fluorescence signal from the microparticles further assures a
reproducible LPS attachment on the PS microparticles.

4. Conclusions

A simple swell-capture type procedure was developed for the
attachment of LPS molecules to PS microparticles. The {-potential re-
sults and XPS analysis have indicated that the LPS incorporation,
orientation and coverage are concentration-dependent. A shielding ef-
fect of the LPS chains on the surface charge of PS microparticles was
observed in {-potential analysis even at the lowest LPS concentration of
0.07 mg/ml reaching stable values at 0.36 mg/ml suggesting a suc-
cessful incorporation of LPS molecules on the microparticle surfaces.
XPS analysis indicated that beyond LPS concentrations between ~
0.7 mg/ml a jump in the detected LPS-specific species occurs. This might
stem from an increase in packing density or attachment of LPS aggre-
gates formed in the impregnation solution. Ongoing research focusses on
the analysis of the LPS conformation by means of near ambient pressure
X-Ray photoelectron spectroscopy (NAP-XPS) to limit drying induced
artefacts.

AFM-IR was applied as a suitable method for obtaining chemical
information at high spatial resolution. The presence of amide bands in
the IR spectra of the LPS anchored microbeads provided useful evidence
supporting the XPS-derived composition analysis. In the AFM topog-
raphy, thread-like structures could be identified on the surface, which
are assigned to patches of LPS molecules.

The simple methodology presented here can be used for the synthesis
of LPS anchored microparticles as model systems for investigating the
alignment and self-organization of LPS as well as for the development of
attachment and immunology assays. Future studies shall focus on the
detailed analysis of LPS structure and conformation as well as on the
transfer of the process to LPS extracted from microorganisms with
different surface properties, such as surface charge and energy.
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