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Several bacterial pathogens contain membrane ligands that
facilitate their binding and internalization into human tissues.
In this study, lipooligosaccharides (LOS) from the respiratory
pathogen non-typeable Haemophilus influenzae (NTHi) were
isolated from the bacterial surface and evaluated as a nanoparticle
coating material to facilitate uptake into the respiratory epithelium.
NTHi clinical isolates were screened to select a strain with high
binding potential due to their elevated phosphorylcholine content.
The association of particles with human bronchial epithelial
cells was investigated as a function of particle surface chemistry
and incubation time, and the uptake mechanism was evaluated
via chemical inhibitor and receptor activation studies. A more
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than two-fold enhancement in particle uptake was achieved by coating the particles with LOS compared to uncoated or gelatin-coated
particles, which was further increased by activating the platelet-activating factor receptor (PAFR). These findings demonstrate that
bacterial-derived LOS ligands can enhance the targeting and binding of nanoparticles to lung epithelial cells.

Keywords: endocytosis, platelet-activating factor receptor, lipooligosaccharides, non-typeable Haemophilus influenzae,

nanoparticle, bronchial epithelial cells

1. Introduction

Targeted drug delivery is a powerful strategy to treat
diseases that affect human tissues, offering high drug
concentrations at the target site with limited exposure of
other tissues. Efficient delivery can be achieved using drug-
loaded nanoparticles with chemical and physical properties
tuned to avoid host defense mechanisms and inhibit non-
specific distribution (Fenton et al., 2018; Patra et al., 2018).
Active targeting can further enhance delivery to specific
target organs or cells within the body. With appropriate
surface functionality, such as through the attachment of
ligands that recognize receptors on cellular surfaces, partic-
ulate carriers show improved efficiency in penetrating cells
in vitro. One challenge in achieving active targeting has
been the identification of cellular targets, which is limited
by our knowledge of disease-specific cell receptors and
their ligands. A potentially useful class of ligands is pro-
duced and used by human pathogenic organisms to infect
the respiratory tract.
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Haemophilus influenzae (H. influenzae), a Gram-
negative bacterium that colonizes the nasopharynx of up
to 80 % of humans, is a leading cause for bacterial men-
ingitis and other widespread bacteremic diseases (Cochi
and Broome, 1986; Foxwell et al., 1998). While a polysac-
charide conjugate vaccine is available for and is effective
against H. influenzae serotype b, the vaccine is not effective
against the subtype that lacks a capsule, called non-type-
able H. influenzae (NTHi) ( St. Geme, 1996). NTHi causes
localized opportunistic infections including otitis media,
sinusitis, conjunctivitis, bronchitis and pneumonia (Turk,
1984). It can infect cystic fibrosis (CF) patients early in
childhood and prime the Iungs for later infection with the
bacterium Pseudomonas aeruginosa, which is correlated
with higher morbidity and mortality in CF patients (Starner
et al., 2006).

Diseases due to NTHi often start with colonization of the
respiratory epithelium (Turk, 1984). The surface of NTHi is
decorated with lipooligosaccharides (LOS) which contain a
lipid structure that embeds in the outer leaf of the bacterial
outer membrane and an oligosaccharide structure that
facilitates bacterial pathogenesis. By expressing specific
carbohydrates, such as phosphorylcholine (ChoP), as a
terminal structure on the LOS, the bacteria are imbued with
two important defenses. First, ChoP expression reduces the
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ability of LOS-specific or bactericidal antibodies to bind to
the bacteria through molecular mimicry of host structures,
enabling the bacteria to evade the host immune system and
limit their pulmonary clearance (Clark et al., 2012; Pang et
al., 2008; Weiser etal., 1998). Second, the presence of ChoP
on the NTHi surface enhances bacterial adherence to host
cells by binding to the platelet-activating factor receptor
(PAFR), effectively reducing mucociliary clearance of the
bacteria and enhancing bacterial invasion of the respiratory
epithelium (Swords et al., 2000, 2001; Turk, 1984). The ef-
fectiveness of OS in inducing cellular uptake is dependent
on the specific LOS glycoform, with LOS containing higher
ChoP content resulting in enhanced NTHi colonization
and persistence in the lungs (Swords et al., 2000; Weiser
et al., 1998). These findings suggest that isolated ChoP-
containing LOS could be a potential targeting ligand for
drug delivery particles to mimic bacterial entry into lung
cells and thus deliver drugs directly to infected lung cells.
We hypothesized that LOS ligands naturally expressed
on bacterial cell surfaces from NTHi could be utilized
as targeting ligands to facilitate particle attachment and
uptake into lung epithelial cells. The expression of ChoP
on several clinical isolates of NTHi was measured and
an NTHi strain with high ChoP content chosen for LOS
isolation. Nanoparticle uptake was evaluated in 16HBEo-
bronchial epithelial cells in the absence and presence of
endocytosis pathway inhibitors and activators of PAFR.

2. Experimental
2.1 Culture of NTHi bacteria

NTHi clinical strains 2019 and 3198, isolated from
patients with chronic obstructive pulmonary disease
(Campagnari et al., 1987), and strain 956 were recon-
stituted from frozen glycerol stocks and propagated on
chocolate agar (a non-selective, enriched growth medium)
or brain heart infusion (BHI) agar (selective medium for
NTHi) supplemented with 10 pg/mL hemin and 1 pg/mL
nicotinamide adenine dinucleotide (NAD) at 37 °C and
5 % CO,. All culture chemicals were obtained from Sigma
Aldrich.

2.2 Detection of ChoP on NTHi cells via ELISA
and dot immunoblot

The three NTHi strains were screened by enzyme-linked
immunosorbent assay (ELISA) to identify bacterial strains
and growth conditions that result in bacteria with high ChoP
activity. An NTHi cell suspension (8.0 x 107 cells/mL) was
added to each well of a 96-well plate (Corning Inc. product
3590; clear, flat-bottom polystyrene, high-binding). The
plate was dried in an oven uncovered overnight at 40 °C.
The wells were then washed three times with 200 puL
ELISA wash solution (0.98 % w/v sodium acetate, 0.9 %
w/v NaCl, 0.05 % v/v Tween 20 in purified water from
NanoPure® Infinity UV Barnstead system). The primary
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monoclonal antibody 12D9, which was raised directly
against ChoP, was diluted 1:25 and added to each well. The
plate was incubated overnight at room temperature, then
washed. Alkaline phosphatase-conjugated goat anti-mouse
IgG AffiniPure F(ab’), (Jackson ImmunoResearch Inc.)
diluted 1:2000 in ELISA buffer was added to each well and
incubated for 1 h, after which the wells were again washed.
The substrate, nitrophenyl phosphate bis (cyclohexyl
ammonium) (pNPP), was prepared at 1 mg/mL in dietha-
nolamine buffer (10 % w/v diethanolamine and 0.01 % w/v
MgCL, in purified water, pH 9.8) immediately before use,
added to all wells, and incubated in the dark. The substrate
was then hydrolyzed by alkaline phosphatase to develop a
yellow water-soluble product, p-nitrophenol. The relative
absorbance of p-nitrophenol at 405 nm was read using a
SpectraMax® M2 spectrophotometer (Molecular Devices)
after 2 h incubation. Wells with no cells, no primary anti-
body, or no secondary antibody served as negative controls
(n=4). Dot immunoblot confirmed the relative high ChoP
expression on NTHi 3198 cell surfaces.

2.3 Proteinase K/hot phenol method to isolate
LOS from NTHi bacterial cells

Due to its relatively high ChoP expression, LOS was
isolated from NTHi strain 3198 using the proteinase K
digest, phenol-water extraction method (Apicella, 2008;
Galanos et al., 1969). NTHi was cultured on supplemented
BHI agar overnight, harvested, digested in ELISA buffer
containing 1 % w/v sodium dodecyl sulfate (SDS, Sigma-
Aldrich®) and 50 pg/mL proteinase K at 65 °C for 1h,
and incubated at 37 °C overnight to lyse the cells and
digest the proteins. The mixture was washed three times
via precipitation in 3 M sodium acetate and cold absolute
ethanol overnight at —20 °C, then centrifuged at 3200 x g
at 4 °C (Eppendorf centrifuge I810R). The precipitate
was washed with ethanol to remove residual SDS. After
the final precipitation, the pellets were air-dried at room
temperature for 2 h and then suspended in 15 mL of DNase
I buffer (10 mM Tris-HCI, 2.5 mM MgCl,, 0.5 mM CaCl,
in purified water, pH 7.6). Solutions of 10 pg/mL DNase
(Roche) and 10 png/mL RNase (Qiagen) were added and
the solution incubated at 37 °C in a water bath for 2 h to
digest residual nucleic acids. Finally, a phenol extraction of
the LOS nuclease-treated mixture removed residual protein
contamination. The LOS mixture was isolated from phenol
soluble components using an equal volume of pre-heated
phenol and incubated at 65 °C for 20 min, then on ice for
1 h. Upon cooling, the suspension was separated into a
phenol phase containing proteins, an interphase containing
cell-wall material, and an aqueous phase enriched in LOS.
The top aqueous layer was collected and washed three
times before lyophilization and storage at 4 °C in a desic-
cant box. The activity of the isolated LOS was confirmed
using the colorimetric ELISA described above, except the
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primary antibody 12D9 was prepared at 1:50 dilution in
ELISA buffer, the secondary antibody was added at 1:2000
dilution in ELISA buffer, and the time for p-nitrophenol to
develop was 3 h.

2.4 Preparation of LOS-functionalized particles

Polystyrene particles (0.2 pm plain white Polybead®
or Fluoresbrite® polystyrene particles, Polysciences Inc.)
were prepared for functionalization by washing twice with
carbonate buffer (15.9 mg Na,CO, and 25.9 mg NaHCO,
in 100 mL purified water, pH 9.6) an centrifuging at
12,000 x g for 30 min, followed by resuspension at a con-
centration of 2 x 10? particles/mL. Particles with a nominal
size of 0.2 pum were chosen to match the mean width of an
NTHi bacterium.

To achieve particle functionalization, polystyrene parti-
cles were added to a solution containing NTHi 3198 LOS at
either a low (5 ng/mL) or high (5 pg/mL) ligand concentra-
tion, mixed on a rotator for 2 h, washed twice with carbon-
ate buffer, and resuspended in carbonate buffer. A subset
of uncoated and high ligand coated polystyrene particles
were exposed to a protein mixture of 0.1 % gelatin (Type B
from bovine skin derived from lime-cured tissue, average
MW 50,000-100,000 g/mol; Sigma G9382) solution in
carbonate buffer. Particles were either stored in carbonate
buffer at a final concentration of 2 x 10° particles/mL
at 4 °C (cell association studies) or lyophilized overnight
in a Labconco® FreeZone® 4.5-liter freeze dry system at a
chamber pressure <0.02 mbar and collector temperature at
or below —50 °C.

2.5 Particle characterization

Lyophilized polystyrene particles were prepared for size
and zeta potential measurements by dispersion in water or
serum-free medium (pH 7.4) via three cycles of vortexing
for 90 s and sonication for 10 min in cold water bath at
4 °C. Particle suspensions were placed into folded capillary
cells (DTS 1060C cuvettes, Malvern Instruments) and the
average particle hydrodynamic diameter and zeta potential
(n=3) measured using a Zetasizer® Nano ZS (Malvern
Panalytical LTD.). Particle size and morphology were con-
firmed via scanning electron microscopy using an S-4800
Field Emission Scanning Electron Microscope (FE-SEM).
Lyophilized particles were tapped onto SEM stubs coated
with double-sided black carbon tape and sputter coated
with Au-Pl at 10 mA and pressure above 7 x 1072 mbar for
3 min (K550 Emitech® sputter coater).

To prepare particles for surface chemical analysis,
washed particles were dispersed in water, and 20 uL of
the suspension was added and dried on clean silicon wa-
fers. Chemical analysis was carried out using a Kratos®
Axis Ultra X-ray photoelectron spectrometer (XPS) with
concentric hemispherical electron energy analyzers com-
bined with an established delay-line detector. The incident

radiation from monochromatic Al Ka X-rays (1486.6 ¢V)
at 150 W (accelerating voltage 15 kV, emission current
10 mA) was projected 45° to the sample surface and the
photoelectron data was collected at a takeoff angle of
6 =90°. The base pressure in the analysis chamber was
maintained at 1.0 x 10~ torr. Survey scans were taken at
a pass energy of 160 eV and carried out over a 1200 eV ~
—5 eV binding energy range with 1.0 eV steps and a dwell
time of 200 ms. High resolution scans of C 1s, O 1s, N
Is, P 2p, and S 2p were taken at a pass energy of 20 eV
with 0.1 eV steps and a dwell time of 2000 ms. Spectral
analysis was conducted using CasaXPS software (version
2.3.17dev6.4k). Spectra were calibrated using the adventi-
tious carbon C 1s peak at 285.0 eV.

2.6 Isothermal titration calorimetry (ITC)

ITC measures the heat released or absorbed during a bio-
molecular binding event, enabling accurate determination
of the enthalpy of binding and the stoichiometry of each
binding event at different concentrations of ligand, includ-
ing proteins on nanoparticles. The GE MicroCal® iTC,,,
(GE Healthcare) was used in this study. The accuracy of the
instrument was verified by titrating a 5 mM standard CaCl,
solution into a 0.4 mM standard EDTA solution, both pro-
vided by the manufacturer. LOS and nanoparticle solutions
were incubated in a 25 °C water bath for 15 min prior to
use to ensure temperature equilibration. LOS solution at
a concentration of either 20, 30, 50, or 100 pg/mL was
loaded into the syringe and 625 pg/mL nanoparticle solu-
tion (the mass of nanoparticles in the original particle sus-
pension was provided by the manufacturer) was loaded into
the sample cell, then the system was equilibrated to 25 °C.
Experimental parameters were set as follows: total number
of injections =20 (one 0.4 or 0.5 pL injection followed
by nineteen 2 pL injections); cell temperature =25 °C;
initial delay = 60-200 s; syringe concentration = variable;
mixing speed = 700 rpm. Accounting for the dilution in the
ITC cell, the 30 and 50 pg/mL injections were equivalent to
a final LOS concentration of about 4 and 7 pg/mL, respec-
tively, interacting with the nanoparticles. Controls included
carbonate buffer titrated into 625 pg/mL of nanoparticles
and 50 pg/mL LOS titrated into carbonate buffer (to deter-
mine heat of dilution). Origin 7.0 software was used to con-
vert all raw ITC data into DeltaH plots, and its regression
function was used to calculate the stoichiometry, enthalpy,
entropy and dissociation constant (K,) of each titration.

2.7 Cultivation of immortalized bronchial
epithelial cells
The 16HBE140- cell line, generated by transformation
of normal bronchial cells obtained from a heart-lung
transplant patient, was generously provided by Professor
Gruenert, Department of Otolaryngology, University of
California, San Francisco (Gruenert et al., 1988). Cells
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were propagated in cell culture medium composed of
Eagle’s minimum essential medium with Earle’s salts
(Life Technologies Co.) supplemented with 10 % fetal
bovine serum (FBS, Atlanta Biologics Inc.), 2 mM L-
glutamine (Life Technologies Co.), 100 pg/mL streptomy-
cin and 100 units/mL penicillin G (Life Technologies Co.)
in T-75 flasks (Greiner Bio-One). The cell culture medium
was replaced every other day. At 80 % cell coverage (4—6
days), the cells were passaged by washing three times with
biological buffer (prepared as a 10-times concentrated
solution containing 3.795 g NaCl, 0.35 g Na,HPO,, 0.20 g
KCl, 0.99 g glucose, and 1.265 g HEPES in 1 L of purified
water, pH 7.4), detachment by treatment with Trypsin/
EDTA (Life Technologies Co.) for 5-10 min at 37 °C and
5% CO, with gentle agitation, and addition of the cell
suspension to new flasks with 12 mL of media per flask.
Passages 20 to 40 were used.

2.8 Immunofluorescent detection of PAFR on
16HBEo- cells

The expression of PAFR on the surface of 16HBEo-
cells was determined using flow cytometry and confocal
microscopy. Cells were prepared for flow cytometry by
suspending cells in biological buffer containing 0.2 %
Tween 20, centrifuging at 300 x g for 10 min, then incu-
bating in cold methanol (20 °C) for 10 min at—20 °C. The
fixed cells were washed with biological buffer containing
0.2 % Tween 20 (Sigma) and incubated with 10 % normal
goat serum in biological buffer containing 0.2 % Tween 20
at 4 °C overnight. Cells were then centrifuged, redispersed
in biological buffer at a concentration of 1 x 107 cells/mL.
To stain for PAFR expression, cells were incubated with
50 uL of 8 pg/mL solution of IgG2a PAFR (human)
monoclonal antibody raised in mouse (product 160600,
Cayman Chemical) in biological buffer for 30 min at room
temperature. The controls were no stain, secondary anti-
body control, and isotype control using 8 pg/mL solution
of mouse IgG2ak clone eBM2a (eBiosciences™) in bio-
logical buffer. Cells were then washed six times with cold
biological buffer containing 0.2 % Tween 20 and incubated
with 50 pL of either 6 % normal goat serum in biological
buffer (no stain control) or 0.1 pg/mL solution of Alexa
Fluor 647 Goat Anti-Mouse IgG (H+L) antibody (Life
Technologies Co.) in biological buffer for 15 min. Cells
were again washed six times with cold biological buffer
containing 0.2 % Tween 20. After antibody treatment, cell
suspensions were analyzed immediately using an LSR II
flow cytometer (BD™ Biosciences).

To confirm and visualize PAFR expression, cells were
cultured onto collagen-coated cover slips in 24-well plates
and incubated overnight. The cells were washed three
times with biological buffer containing 0.2 % Tween 20.
Immunostaining of the cell membranes was conducted as
described above, except 100 uL of each antibody solution
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was added to the cells and the secondary antibody Alexa
Fluor 568 Goat Anti-Mouse IgG (H+L) antibody (Life
Technologies Co.) was added at a concentration of 4 pg/mL.
After cell washing, the glass coverslip containing the cell
membrane was mounted to a microscope slide using anti-
fade reagent with the nuclear stain DAPI, then kept at 4 °C
until imaged. Cell layers were imaged using a Zeiss LSM
710 confocal microscope with 40x oil immersion objective
lens.

2.9 Particle association with bronchial epithelial
cells

To prepare cells for particle binding and uptake studies,
16HBEo- cells were propagated on collagen-coated glass
coverslips. A volume of 100 pL of cells was dispensed, at
2 x 10° cells/well, onto dried collagen-coated coverslips
and incubated one day until reaching 80 % confluency, as
determined by visual inspection. Suspensions of fluores-
cent yellow particles with or without coating (0.22 pg/mL,
100 pL/well) were added to cells and incubated for 0.5, 2,
4,18, or 24 h (n = 4 wells of cells per treatment) to quantify
uptake with time. In each case, after incubation the cells
were washed three times to remove unbound particles.

The number of cells associated with particles was quan-
tified using an LSR II flow cytometer (BD Biosciences)
with a 488 nm excitation source. Cells were processed for
flow cytometry by incubating the cells with enzyme-free
cell dissociation buffer (Life Technologies Co.) for 0.5-1 h
at room temperature, centrifuging at 300 x g for 10 min at
4 °C, then dispersing in cold biological buffer by gentle
pipetting to obtain a single cell suspension. Raw data was
processed to gate the live cell population(s) based on cell
size (forward scatter) and cell granularity (side scatter),
effectively removing dead cells, cell debris and particle
agglomerates. Gating was confirmed with controls, i.e.
cells not treated with particles, particle alone, and cells and
particles mixed briefly together. The population of cells
containing particles were identified based on fluorescence
intensity using the Probability Binning (PB) Chi(T) value
(Roederer et al., 2001). The percentage of cells in the pop-
ulation was quantified using the Enhanced Normalization
Subtraction (ENS) method in FlowJo® (Bagwell, 1996).
Results were collected for at least 10,000 cells (n = 4).

Confocal microscopy was used to assess the location
of particles within the cell cultures. After particle treat-
ment, cell membranes were washed three times to remove
unbound particles and secretions produced during the
incubation period. Cell membranes were then stained with
1 pg/mL Dil D-282 (Life Technologies Co.), a lipophilic
indocarbocyanine fluorescent red dye (549 nm/565 nm),
in cell culture medium for 30 min, washed with biolog-
ical buffer three times to remove excess dye, fixed with
2% w/v paraformaldehyde for 30 min, blocked with
50 mM ammonia chloride for 10 min, and washed with
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biological buffer once to remove excess reagents. Triton
X-100 prepared at 0.05 % w/v in biological buffer was
used to permeabilize the cell membrane for 10 min. The
membranes were washed, the cover glass containing the
membranes mounted to a microscope slide, and the cells
exposed to ProLong® Gold antifade reagent with the
blue-fluorescent nuclear 4’,6-diamidino-2-phenylindole
(DAPI 358 nm/461 nm; Life Technologies Co.) to stain
the cell nuclei. The cells were kept at 4 °C until imaged.
Z-stacks of cell layers were obtained using a LSM 710
upright confocal microscopy (Zeiss). A 40x oil immersion
objective lens was used to take images with step size of
200 nm. Images were rendered in MATLAB.

2.10 Cell uptake inhibitor and activator studies

The toxicity of inhibitors to 16HBEo- cells was first
determined using the MTS assay (CellTiter 96® Aqueous
One Solution Cell Proliferation Assay; Promega Co.).
Cells were seeded onto 96-well plates at 3 x 10* cells/
well, incubated for 24 h, then treated for 0—5 h with one
of the following inhibitors: 0.1 % NaN, with 50 mM 2-
deoxyglucose, 5 pg/mL cytochalasin D, 80 uM dynasore,
200 uM genistein, 10 pg/mL chlorpromazine, or 5 mM
methyl B-cyclodextrin. Negative and positive control were
cells treated with biological buffer (absorbance normalized
to 100 % cell viability) and cells treated with 2 % w/v SDS,
respectively. Based on toxicity results, uptake studies in
the presence of inhibitors were limited to time points less
than 3 h, and studies with inhibitors of clathrin-mediated
endocytosis were not conducted as cell viability with these
inhibitors was 40-95 % at all time points.

To determine the mechanisms by which particles were
taken up by cells, 16HBEo- cells were pre-treated with one
of the following inhibitors one hour prior to particle treat-
ment: 0.1 % NaN, with 50 mM 2-deoxyglucose, 5 pg/mL
cytochalasin D, 80 uM Dynasore, 200 uM genistein, or
S mM methyl B-cyclodextrin. The receptor PAFR was
activated by pre-treating cells with PAF (10 uM) for 2 h.
The treatment solutions were removed then replaced with
the particle suspension containing fresh inhibitor or PAF
and incubated. After incubation, cells were washed three
times to remove unbound particles and secretions produced
during the incubation period. Particle—cell association was
measured by flow cytometry.

2.11 Statistical analysis

Significance (p < 0.05) of differences was determined by
one-way ANOVA with Holm-Sidak’s multiple comparison
tests using GraphPad Prism software (version 6.05).

3. Results
3.1 Selection and characterization of NTHi
bacteria
Since ChoP content is vital for epithelial cell binding,

LOS with high ChoP content may enhance association with
cells containing PAFR. Three NTHi strains were screened
to select for the strain with a high activity of ChoP. NTHi
strains 956 and 3198 expressed significantly higher ChoP
activity, as measured by absorbance of p-nitrophenol, than
the 2019 strain (Fig. 1). The higher level of ChoP activity
on NTHi 3198 compared to NTHi 2019 was confirmed
by dot immunoblot, with strain 3198 expressing more
ChoP on its surface at shorter exposure times (1 s) than
strain 2019 (30 s), as observed in the higher intensity and
positive stained area of dark spots. This is in agreement
with published literature that reports 78 % of strain 3198
expresses ChoP with high reactivity, compared to 9 % of
strain 2019 (Swords et al., 2000; Weiser et al., 1997). Fur-
ther, the expression of ChoP on strains 2019 and 3198 was
higher when bacteria were cultured on BHI agar than on
chocolate agar; in contrast, no statistical difference in ChoP
expression was observed for strain 956 grown on the two
substrates (Fig. 1). Strain 3198 cultured on supplemented
BHI agar medium was chosen for LOS isolation and coat-
ing onto particles.

3.2 Physical and chemical characterization of
uncoated and functionalized particles

Electron microscopy images of the uncoated polystyrene
particles confirmed that particles were spherical, with
smooth surfaces (Fig. 2(a)). Upon particle exposure to
carbonate buffer, salt crystals were observed attached to
the particle surfaces (Fig. 2(b)). Coating the polystyrene
particles with 5 ng/mL LOS did not change their appear-
ance compared to the carbonate buffer-washed particles
(Fig. 2(c)), as salt crystals remained attached to the particle
surface; however, upon coating with the higher concen-
tration of LOS (5 ug/mL), salt crystals were no longer

_ [ Chocolate agar *
g 2.0 3 Brain heart infusion agar I_‘
3
= -
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£ 15 -
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Fig. 1 Relative absorbance of p-nitrophenol at 405 nm from colorimet-
ric ELISA indicating the expression of ChoP on NTHi bacterial strains
2019, 256, and 3198 in either chocolate agar or brain heart infusion agar
growth medium (n =3, mean =+ SD). *indicates statistical difference
between NTHi grown in different agar media (p < 0.05).
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observed, suggesting LOS displaced the salt on the particle
surface (Fig. 2(d)). Similarly, exposing uncoated particles
with a protein solution (gelatin) resulted in visible residue
on the particle surface (Fig. 2(f)); however, this residue
was not observed on particles that were pre-coated with
5 pg/mL LOS prior to gelatin coating (Fig. 2(e)).

When suspended in water, uncoated particles exhibited
low polydispersity with a hydrodynamic diameter of
~255 nm, and a zeta potential of about —50 mV (Table 1).
When placed in carbonate buffer, the particles agglomerated
slightly. Agglomeration was maintained with LOS coating
and was intensified with gelatin coating. When placed in
serum-free media for cell studies, particles generally de-
agglomerated, except for the 5 pg/mL LOS coated particles
which exhibited slightly higher agglomeration. In addition,
particles suspended in media exhibited more neutral zeta
potentials than the same particles in water. Serum-free

8:1mm x40:0k

8.1mm x40.0k 1.00um

8.0mmx40.0k

media contains various salts that likely compressed the
electrical double layer surrounding the particles, resulting
in a reduction in the zeta potential. Particles coated with
5 ng/mL LOS exhibited the highest zeta potential in media
at about —25 mV, suggesting significant surface coverage
with the negatively charged LOS. LOS molecules have
COOH groups on their carbohydrate structures which are
negatively charged at physiologic pH, in addition to the
ChoP moieties which are zwitterionic at physiologic pH.
The surface chemistry of uncoated and functionalized
particles was investigated by XPS (Table 2). To confirm
the existence of a coating on the functionalized particle
surfaces, the raw coating materials were also analyzed.
LOS contained mostly carbon (49.6 %) and oxygen
(35.2 %), with the remaining composed of 9.3 % nitrogen,
5.6 % phosphate, and 0.3 % sulphur. Gelatin contained no
phosphate, but was comprised of 65.8 % carbon, 18.7 %

1.00um, 8.1mm x50.0k

Fig.2 Scanning electron microscopy images of (a) uncoated polystyrene particles, (b) particles washed with carbonate buffer, (c) particles coated
with 5 ng/mL LOS, (d) particles coated with 5 pg/mL LOS, (e) particles coated with 5 pg/mL LOS and exposed to gelatin, (f) uncoated particles

exposed to gelatin. Scale bar = 500 nm (a) or I um (b—f).

Table 1 Characterization of geometric size and zeta potential of polystyrene particles (200 nm nominal diameter) with various surface coatings in water

and serum-free media. Values are reported as mean + SD (n = 3).

Suspension in water

Suspension in serum-free media

Particle coating

Particle diameter (nm) Zeta potential (mV)

Particle diameter (nm) Zeta potential (mV)

Uncoated 255.15+£6.6 -50.0+5.3 — —
Carbonate buffer 381.0+14.2 —40.9 +0.7 157.7+9.9 -10.4+1.2
5 ng/mL LOS 2952 +6.4 —46.8+£2.2 183.7+7.4 -8.8+0.5
5 pg/mL LOS 351.6 £ 14.8 —47.8+2.1 461.1+7.8 245422
5 pg/mL LOS and gelatin 555.4+£254.6 -39.5+ 1.1 187.7+13.8 -7.6+0.9
Gelatin 1053.8 £372.5 -36.4+4.9 165.7+3.2 -73£09
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Table 2 Surface elemental analysis of LOS, gelatin, and polystyrene particles with various surface coatings via X-ray photoelectron spectroscopy.

% Atomic concentration

Material C s O 1s N Ls P2 S 2p C/O ratio
LOS 49.6 35.2 9.3 5.6 0.3 1.4
Gelatin 65.8 18.7 15.3 0.0 0.2 3.5
Particles Uncoated 19.5 543 0.0 6.7 19.5 0.36

5 ng/mL LOS 38.6 40.8 1.0 5.0 14.6 0.9

5 pg/mL LOS 57.7 29.2 0.5 3.1 9.6 2.0

5 pg/mL LOS and gelatin 62.7 24.9 4.1 24 59 2.5

Gelatin 75.9 16.7 4.5 0.6 2.3 4.5

oxygen, 15 % nitrogen and 0.2 % sulfur. Gelatin also
had a higher C/O ratio at 3.5, compared to LOS at 1.4. In
contrast, the uncoated particle surface contained carbon,
oxygen, and sulfur since the polystyrene particles used in
this study had a polystyrene backbone composed of carbon
and oxygen, and sulfate function groups. The polystyrene
particles had the smallest C/O ratio at 0.36. Some residual
phosphate (7 %) was also observed on the uncoated par-
ticle surface, likely due to contamination from the water
washes. Given these differences among the raw materials,
the phosphate, nitrogen, and C/O ratio were used to con-
firm functionalization of the particles.

Particles coated with a 5 ng/mL LOS solution exhibited
an elemental surface indicative of a mostly uncoated
polystyrene surface with a small amount of LOS adsorbed
(C/O ratio of 0.9, between that of LOS and polystyrene;
with existence of N indicating some LOS adsorption).
This suggests that LOS was on the particle surface but did
not completely coat the entire surface. With a higher LOS
coating solution concentration (5 pug/mL), the C/O ratio
increased to 2.0, suggesting a higher concentration of LOS
on the surface. In addition, the phosphorus and sulphur
concentrations at the surface decreased to 3.1 % and 9.6 %,
respectively, suggesting that these moieties were buried
beneath the carbon and oxygen backbone of the LOS.
When uncoated particles or LOS-coated particles were
coated with gelatin, the nitrogen concentration and C/O
ratio increased significantly compared to their uncoated
counterparts, to values closer to that of pure gelatin. This
suggests that gelatin partially masked the surface of the
particles, even in the presence of LOS.

The LOS coating process was further analyzed by ITC to
determine the stoichiometry of LOS binding to the polysty-
rene particles. ITC experiments were carried out using four
different concentrations of LOS (Fig. 3). The regression
lines forthe 20 and 100 pg/mL titrations exhibited negligible
slope and therefore not analyzed. For the 30 and 50 pg/mL
titrations, the amount of LOS bound to the particle surface
increased with an increase in LOS concentration resulting

in an estimated 17.7 LOS binding sites per particle (titra-
tion with 30 pg/mL LOS) and 33.9 LOS binding sites per
particle (titration with 50 pg/mL LOS). Enthalpies of bind-
ing were large and negative for all titrations (-2 kcal/mol
to —10 kcal/mol), indicating strong binding of LOS to the
particle surface.

3.3 Uptake of particles in 16HBEo- lung epithelial
cells

PAFR expression in 16HBE140- cells was confirmed
via immunostaining (Fig. 4). The secondary and isotype
controls exhibited low levels of staining due to non-specific
receptor interactions (Figs.4(b) and 4(c), respectively),
which was quantified by flow cytometry via fluorescence
intensity (Fig. 4(e)). PAFR expression on the cell surface
was observed as diffuse staining across the entire cell sur-
face (Fig. 4(d)). Flow cytometry confirmed that the entire
population of 16HBEo- cells stained for PAFR exhibited
higher intensity of fluorescence than controls, confirming
the cells expressed PAFR (Fig. 4(e)).

Next, lung epithelial cells were exposed to uncoated,
gelatin-coated, or functionalized particles for up to 24 h
and the percentage of cells associated with particles quan-
tified by flow cytometry. Uncoated particles and particles
coated with 5 ng/mL LOS behaved similarly, with little
uptake from 0—19 h (<10 % of cells were associated with
particles) followed by a small increase at 24 h to 10 %
(Fig. 5(a)). Gelatin coated particles were associated with at
most 12 % of cells at 4 h, which was not statistically differ-
ent than uncoated particles. However, particles coated with
5 ng/mL LOS were associated with about 12 % of cells at
time 0 and this rose steadily to about 35 % at 24 h. Con-
focal microscopy confirmed that the 5 pg/mL LOS-coated
particles were internalized into the 16HBEo- cells and not
just attached to the cell surface (Fig. 5(b)).

The energy dependence of particle uptake in 16HBEo-
cells was quantified after cell incubation with NaN,/
2-deoxyglucose, which inhibits all energy-dependent
pathways (Fig. 6). Incubation of cells with NaN,/2-
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Isothermal titration calorimetry (ITC) plots of AH versus LOS—nanoparticle molar ratio with single injections of (a) 20 ug/mL, (b) 30 pg/mL,

(¢) 50 pg/mL, or (d) 100 pg/mL of LOS. Colored symbols represent unique replicates. Lines represent regression curves originated by Origin software.
A buffer—nanoparticle titration was used as a reference and subtracted from all data sets.

deoxyglucose resulted in complete loss of uptake of the
5 pg/mL LOS-coated particles, suggesting these particles
are taken up by endocytosis. No other particle type expe-
rienced inhibited cell uptake after cell exposure to NaN,/
2-deoxyglucose and thus may be taken up by both energy-
dependent and energy-independent pathways.

Further studies were conducted with specific pathway
inhibitors to help elucidate specific uptake pathway for dif-
ferent particle types. Inhibitors of micropinocytosis (cyto-
chalasin D) and caveolin-mediated endocytosis (genistein)
did not inhibit the uptake of any particle type. Instead, par-
ticle uptake was sometimes enhanced with cell exposure to
these inhibitors, suggesting that particles were taken up by
multiple pathways. The inhibitor of cholesterol- dependent
pathways (methyl B-cyclodextrin), which inhibits both
caveolin-mediated and clathrin-mediated endocytosis, sig-
nificantly reduced cell uptake of the 5 pg/mL LOS-coated
particles. This suggest that the LOS-coated particles were
primarily taken up by receptor-mediated endocytosis.
However, due to the significant cell toxicity exhibited by
the inhibitors of clathrin-mediated endocytosis, this could
not be confirmed via chemical pathway inhibitors.

To prove that receptor-mediated endocytosis was the
route by which LOS-coated particles were taken up into
cells, we investigated whether PAFR-mediated endocyto-
sis could be altered by the cognate ligand of the receptor
(PAF). Upon cell incubation with PAF, the 5 pg/mL
LOS-coated particles exhibited a 5- to 10-fold increase in
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uptake (Fig. 7). No significant change in the association
of particles with lung cells was observed with the other
particle types.

4. Discussion

Lipopolysaccharides (LPS), also known as endotoxins,
are large lipid- and polysaccharide-containing molecules
constituting the major component of the outer membrane
of Gram-negative bacteria. They induce a strong immune
response in animals and have been implicated in various
pathogenic functions (Alexander and Rietschel, 2001;
Simpson and Trent, 2019). Key studies have shown that
isolating LPS from the bacterial surface and attaching it to
a particle surface may not alter its functionality, enabling
the particles to mimic some bacterial properties (Piazza
et al., 2011). For example, titanium dioxide particles
coated with LPS from E-coli induced pro-inflammatory
signaling in primary human mononuclear phagocytes
(Ashwood et al., 2007). LPS associated with polymeric
and metallic components of orthopedic implants stimulate
toll-like receptor (TLR) activation, which contributed to an
inflammatory response (Greenfield et al., 2010; Hold and
Bryant, 2011). However, the activation of the inflammatory
response by LPS-coated particles was not desired for the
current application.

Lipooligosaccharides (LOS) share a similar lipid A
structure to LPS, but are lower in molecular weight,
lack the O-antigens that allow serotyping, and have
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Fig.4 (a—d) Confocal micrographs of 16HBEl4o0- cells with nuclei
stained using DAPI (blue) and incubated with the (b) secondary anti-
body (secondary control, red stain), (c) fluorescent antibody IgG2ak to
confirm the specificity of primary antibody binding (isotype control, red
stain), or (d) the primary and secondary antibodies (red stain for PAFR).
Scale bar =20 um. (e) Percent fluorescent cells as a function of fluores-
cence intensity for cells not stained (far left curve) or incubated with the
secondary antibody (secondary control, second curve from left), [gG2ak
(isotype control, third curve from left), or the primary and secondary
antibodies (PAFR staining, far right curve).

significantly lower toxicity profiles (Preston et al., 1996).
LOS is the major glycolipid expressed on mucosal Gram-
negative bacteria, including members of the genera
Neisseria, Haemophilus, Bordetella, and Branhamella.
It is a heat stable, amphipathic glycolipid complex that
covers up to 75 % of the outer membrane (Silipo et al.,
2011), and is crucial for the viability and survival of Gram-
negative bacteria as it helps maintain proper outer mem-
brane structure. It also contributes to host-bacterium inter-
actions related to adherence, colonization, internalization,
and ultimately survival in host cells.

The oligosaccharide region of LOS is highly heteroge-
neous within and between bacterial strains, containing both

a -©-  Uncoated 0.2 pm particles
4=+ LOS-coated 0.005 pg/ml 0.2 pm particles (no gelatin)
—— LOS-coated 5 png/ml 0.2 pm particles (no gelatin)
40+ Gelatin-coated 0.2 um particles
—o- LOS-coated 5 pg/ml 0.2 pm particles (with gelatin)
30+
20+

o RE

% Cells associated with particles

Fig. 5
and functionalized particles as a function of incubation time at 37 °C
(n =4, mean £ SD). (b) Confocal microscopy image of 16HBEo- cells

(a) Percentage of 16HBEI140- cells associated with uncoated

exposed to 5 pg/mL LOS-coated particles. Cell membranes were la-
beled by Dil (red fluorescence) and cellular nuclei were labeled by DAPI
(blue fluorescence), and particles fluoresce green. Two representative
cross-sections of the cell layer are displayed at top and right side of the
micrograph, with green fluorescing particles denoted by the arrows.

the recognition structures for host cells and components
of the immune system, as well as carbohydrate moieties
that may camouflage the bacterial surface from the host
through molecular mimicry of host structures (Mandrell
and Apicella, 1993; Masoud et al., 1997; Moran et al.,
1996; Murphy and Apicella, 1987; Risberg et al., 1999a,
1999b; Silipo et al., 2011). In some bacterial species,
these carbohydrate structures further facilitate bacterial
adherence to the respiratory epithelium (Clark et al., 2012;
Jalalvand and Riesbeck, 2014; Swords et al., 2000, 2001).
Phosphorylcholine (ChoP) expressed as a terminal struc-
ture of the OS region facilitates adherence of multiple bac-
terial pathogens, including NTHi, to the platelet-activating
factor receptor (PAFR) on bronchial cells by molecularly
mimicking the structure of the cognate ligand platelet-
activating factor (PAF) (Cundell et al., 1995; Gillespie et
al., 1996; Harvey et al., 2001; Lysenko et al., 2000; Rose-
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uncoated and functionalized polystyrene particles before (control) or
after activation with PAF (n = 8, mean + SD).

now et al., 1997; Schweda et al., 2000; Weiser et al., 1997,
1998). As a potential targeting ligand for particles, our pre-
vious studies indicated that coupling ChoP-containing LOS
from NTHi (strain 2019) to the surface of 1 um particles fa-
cilitated significantly more binding to the human bronchial
epithelial surface compared to particles coated with gelatin
or coated with truncated LOS lacking the oligosaccharide
chains that contain ChoP (Swords et al., 2000). Here, we
aimed to evaluate the ability of ChoP-containing LOS to
facilitate the uptake of smaller nanoparticles into respira-
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tory epithelial cells.

Given the heterogeneity of the OS expression between
bacterial strains, a screening of clinically isolated NTHi
strains was performed to select a strain with high ChoP
content to facilitate particle adherence and uptake into lung
cells. Two of the three NTHi clinical isolates tested (956
and 3198) exhibited high ChoP activity. While the ChoP
content of strain 956 had not been previously reported, the
observed differences between strains 3198 and 2019 agreed
with published literature, which has reported that 78 % of
strain 3198 expressed ChoP with high reactivity, compared
to 9 % of strain 2019 (Swords et al., 2000; Weiser et al.,
1997). Based on these results and the known ability of
NTHi 3198 to associate with and invade primary lung ep-
ithelial cells (Ketterer et al., 1999), LOS from NTHi 3198
was chosen as the ligand for further studies.

LOS is a large molecule containing a lipid structure
that embeds in the bacterial outer membrane and an
oligosaccharide structure that is exposed on the surface.
The polystyrene particles used in this study exhibit a hy-
drophobic, negatively charged surface containing sulfate
ester functional groups. Due to the hydrophobicity of the
particles and the lipophilicity of the LOS lipid tails, we
anticipated that the lipid tails of the LOS molecules would
readily adsorb to the hydrophobic particle surface. In this
case, the carbohydrate heads on the LOS structure con-
taining ChoP could be available for cell targeting. Based
on analysis of the zeta potential and XPS data, LOS was
indeed coated onto the surface of polystyrene particles,
particularly with the more highly concentrated LOS
coating solution. However, the XPS data also suggested
that the phosphate groups were buried within a mostly
carbon-oxygen LOS backbone. This would be undesirable
if the ChoP functional groups were not available to function
as a targeting ligand on the particle surface. As XPS studies
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were conducted on dry particles, when the carbohydrate
chains become hydrated, the LOS structure could open and
give access to the ChoP moieties.

ITC further confirmed the ability of LOS to strongly
adsorb to the nanoparticle surface. Typical enthalpies of
binding for proteins to polystyrene nanoparticle surfaces
has been reported to be on the order of 10s to 100 s of
kcal/mol (Porzeller et al., 2019), similar to the values
obtained in this study. Using titration concentrations of 30
and 50 pg/mL, we estimated that there are about 34 LOS
binding sites per particle. The titration concentration of
50 pg/mL (~7 ug/mL final concentration in the cell after ti-
tration), resulted in slightly more adsorbed LOS molecules
than the 30 pg/mL titration concentration (~4 pg/mL final
concentration in the cell after titration). This suggests that
higher LOS concentrations enhance LOS adsorption to the
particle surface. Previous work by Swords et al. reported
a dose-response in which increasing the concentration of
LOS coating resulted in more particle adherence to respi-
ratory epithelium (Swords et al., 2000). LOS concentration
is limited, though, as it readily forms micelles in aqueous
solution at low concentrations due to its amphiphilic nature
(Steimle et al., 2016). Thus, a higher LOS coating might be
achieved by using a co-solvent to better solubilize the LOS.
The ability of LOS to form micelles, as well as the complex
structure of LOS, are potential reasons for the relatively
high variability in the ITC data.

If the ChoP moieties on the LOS molecules remained
accessible on the particle surface, we would expect the
particles to exhibit better binding to and internalization into
the respiratory epithelium. PAFR is expressed on human
lung tissue membranes (Hwang et al., 1985; Shukla et al.,
2016) and various lung epithelial cell lines (Chen et al.,
2015). In the current study we confirmed PAFR expression
in 16HBEo- bronchial epithelial cell monolayers via im-
muno-fluorescent staining and used these cells to evaluate
the uptake of uncoated and coated particles. The 5 pg/mL
LOS-coated particles exhibited the highest cell uptake of
nanoparticles, with about 35 % uptake at the 24 h time-
point. All other particle types were taken up by less than
12 % of cells at any time. Confocal microscopy confirmed
that particles were not just bound to the surface, but were
internalized into the cell layers. While the ability of PAFR
to mediate particle attachment to the respiratory epithelium
had been previously established (Swords et al., 2000), this
is the first time to our knowledge that bacterial-derived
LOS has been used as a targeting ligand to facilitate parti-
cle uptake into cells.

We further investigated the uptake mechanism by block-
ing specific endocytic pathways using chemical inhibitors.
NTHi bacteria have been shown to internalize into human
lung epithelial cells by macropinocytosis and receptor-
mediated endocytosis, so these pathways were likely can-
didates for LOS-coated nanoparticle uptake (Clementi and

Murphy,2011;Kettereretal.,1999;Swordsetal.,2000,2001).
Pre-incubation of the lung cells with NaN,-2-deoxyglucose
completely knocked out their ability to take up the 5 pg/mL
LOS-coated particles, suggesting an energy-dependent
pathway for these particles, but had no impact on the other
particle types. We further saw no evidence of the LOS-
coated particles being taken up by macropinocytosis. Due
to significant cell toxicity upon cell incubation with inhib-
itors of the clathrin-mediated pathway, we were unable to
confirm this pathway using chemical inhibitors of endo-
cytic pathways. Thus, a different approach was chosen in
which the impact of a PAFR activator on the cellular uptake
of uncoated and functionalized particles was investigated.
AS549 cells were pre-treated with PAF, the natural substrate
for PAFR (Chao and Olson, 1993). Prior studies have
shown that PAFR stimulation is involved in bacterial entry
and could assist the delivery of siRNA to airway epithelia
(Krishnamurthy et al., 2014; Zhang et al., 2000). In the cur-
rent study, PAF pre-treatment significantly enhanced cell
uptake of the 5 pg/mL LOS-coated particles, suggesting
that PAF activation aided their uptake. Activation of PAFR
via PAF exhibited no significant change on the association
of any other particle type, demonstrating receptor targeting
with the LOS coating.

In summary, the functionalization of polystyrene nano-
particles with LOS bacterial ligands resulted in better cel-
lular uptake in PAFR-expressing lung cells. This strategy
could be extended to drug-containing nanoparticles to
enhance the therapeutic efficacy of drug compounds that
require cellular internalization. Further, receptor-ligand
interactions could be enhanced by activating the cell
receptor, suggesting that enhanced cellular uptake could
be achieved in disease states where the receptor is already
activated, such as in the instance of infection, COPD,
asthma, and cancer.
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Nomenclature

BHI Brain heart infusion

BSA Bovine serum albumin

ChoP Phosphorylcholine

ELISA Enzyme-linked immunosorbent assay
ITC Isothermal titration calorimetry

LOS Lipooligosaccharide

LPS Lipopolysaccharide

NAD Nicotinamide adenine dinucleotide
NTHi Non-typeable Haemophilus influenzae
PAF Platelet-activating factor

PAFR Platelet-activating factor receptor
pNPP Nitrophenyl phosphate bis (cyclohexyl ammonium)
SDS Sodium dodecyl sulfate

SEM Scanning electron microscope

XPS X-ray photoelectron spectrometer
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