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The current lack of insight into nanoparticle—cell membrane interactions hampers smart design strategies
and thereby the development of effective nanodrugs. Quantitative and methodical approaches utilizing
cell membrane models offer an opportunity to unravel particle—membrane interactions in a detailed
manner under well controlled conditions. Here we use total internal reflection microscopy for real-time
studies of the non-specific interactions between nanoparticles and a model cell membrane at 50 ms tem-
poral resolution over a time course of several minutes. Maintaining a simple lipid bilayer system across
conditions, adsorption and desorption were quantified as a function of biomolecular corona, particle size
and fluid flow. The presence of a biomolecular corona reduced both the particle adsorption rate onto the
membrane and the duration of adhesion, compared to pristine particle conditions. Particle size, on the
other hand, was only observed to affect the adsorption rate. The introduction of flow reduced the
number of adsorption events, but increased the residence time. Lastly, altering the composition of the
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membrane itself resulted in a decreased number of adsorption events onto negatively charged bilayers
compared to neutral bilayers. Overall, a model membrane system offers a facile platform for real-time
imaging of individual adsorption—desorption processes, revealing complex adsorption kinetics, governed
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Introduction

From the perspective of developing smart nanomedicine
design strategies, understanding the interactions of nano-
particles with biological interfaces is of great importance."?
However, there is still little known about how nanoparticle pro-
perties affect particle-cell binding.>> This is, in part, due to
the heterogeneity and dynamic nature of the outer cell mem-
brane, giving rise to complex interactions. Thus, at this inter-
face both non-specific and specific interactions are present,
potentially leading to a variety of particle-membrane binding
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by particle surface energy, size dependent interaction forces, flow and membrane composition.

and uptake mechanisms.>>® Simplifying the system facilitates
the study of these mechanisms in a structural manner. One
example of such a simplification, and the approach taken
here, is the replacement of the highly complex outer cell mem-
brane with a model membrane.

Membrane models, such as unilamellar vesicles and sup-
ported lipid bilayers, have various advantages compared to live
cells, including: a known membrane composition, easy control
over environmental factors, and compatibility with a variety of
investigative techniques. Though model membrane systems
comprised only of lipid species do not capture specific inter-
actions such as those with receptors,” ™ these simplified mem-
brane systems have been shown to exhibit analogous behav-
iour to live cells when exposed to nanoparticles.'®** This high-
lights the importance of non-specific binding at the particle-
cell membrane interface. Overall, model membranes offer a
facile platform to characterize non-specific particle-membrane
interactions in detail."®"” This forms a first step towards
understanding and disentangling the full landscape of particle-
membrane interactions present in more complex systems.

The binding of nanoparticles to cell membranes or mem-
brane models has been characterized via various qualitative
and quantitative parameters. This includes studies on the

This journal is © The Royal Society of Chemistry 2023
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amount of particles present (mass or fluorescence signal) on a
membrane after a certain period of time;'®**'%! the adsorb-
ing/desorbing mass across time;'>'® or the degree of mem-
brane disruption'®'*! It has been observed that properties
such as particle charge,'®'"'%?*  gize,'®'71923  shape
anisotropy,****° lipophilicity and surface features (poro-
sity, spikes etc.)'”° affect particle-membrane interactions.
Furthermore, these interactions are strongly influenced by the
presence of a biomolecular corona,'®**?! that is, the layer(s)
of biomolecules that associate with a particle surface when the
latter enters biological fluids such as the blood stream
(Fig. 1a).”” However, in addition to adsorption, also desorption
of particles from the membrane should be considered.'®?®
Furthermore, it has been speculated that, under biomolecular
corona conditions, transient particle-membrane interactions
are frequent, with long term adhesion occurring more rarely.
This suggests that desorption is in fact very common and can
occur quickly. However, dependent on the technique used,
resolving these individual desorption processes may not be
possible due to washing steps, a lack of temporal
resolution,'>'® and/or only bulk data, lacking the necessary
single particle information, being obtained.">"® Fluorescence
microscopy techniques, on the other hand, can be used to
visualize single nanoparticles on membranes.">?° Thus far,
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previous studies have mostly focused on final ‘snap shots’,"®"*
rather than imaging the adsorption-desorption processes
directly, or they have focussed on diffusion and transport pro-
cesses of particles on membranes,”°>> as opposed to rates
and duration of adsorption.

In the current study we focus on the non-specific inter-
actions between nanoparticles and a membrane model,
namely supported lipid bilayers. Using total internal reflection
fluorescence (TIRF) microscopy, the interaction of individual
nanoparticles within ~200 nm of the membrane were observed
with a 50 ms time resolution over timespans of minutes
(Fig. 1b-d). Maintaining a simplistic membrane across experi-
ments, we altered the particle and environmental conditions
to investigate their effects on non-specific membrane adsorp-
tion. We studied the influence of the biomolecular corona, as
well as the role of particle size and membrane composition,
on these interactions. Additionally, flow conditions were intro-
duced to mimic shear stresses present in the capillary environ-
ment in our simplified system. We quantified particle adsorp-
tion rates and the distributions of residence times on the
membrane. Thereby, it was possible to distinguish the effect of
each variable on transient as well as long lived events. The
combination of event frequency and duration revealed how the
biomolecular corona as well as flow conditions strongly affect

Microfluidic —
chip

Particle

~ 200nm A

e Lipid Bilayer

XA RARRRRRRRRARRRRRRRRARRRRRR

RRRRRRRRRARARRARAREARRRARAR

YYYYYYYYYYEEYEEY YYVVYYYVVVVYYVVVVYYYVV VYV VTV

"4 A
Reflected Incoming laser
beam beam
d

3600
S5 3200 /
& Adsorption
2 2800
2

Desorption

£ 2400 P |
-
& 2000

1600

Fig. 1 Experimental conditions and setup. a, Illustrations of particles under pristine, hard corona and full corona conditions, where biomolecules
which are strongly bound to the particle are depicted in purple and loosely bound biomolecules are shown in green. Both the soft and hard corona
consists of various biomolecular species. b, Schematic depiction of the TIRF microscopy set up. Bilayers were deposited within the channels of a
microfluidic chip and fluorescent particles were added. The fluorescence signal was then imaged using the CCD camera. Inset: Laser excitation was
used to visualize the particles within ~200 nm of the glass surface using TIRF mode. c, Example of TIRF microscopy data where particles on/near
the bilayer are seen as bright dots. Scale bar represents 20 um. The yellow box denotes the object for which the intensity profile over time is given in
d. d, Intensity profile over time of an object adsorbed to the bilayer. The adsorption time point is indicated by an increase in intensity from the base-
line and desorption is signaled by a return to the background signal after 1.55 s (arrows).
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non-specific interactions of the nanoparticles with the lipid
bilayer.

Experimental
Nanoparticle preparation

100 nm, 40 nm and 20 nm yellow-green fluorescent carboxy-
lated polystyrene nanoparticles (“FluoSpheres”) were pur-
chased from Invitrogen (505/515 nm excitation/emission).
Particles were dispersed in phosphate buffered saline (PBS;
Gibco) to produce pristine particles. Dulbecco’s minimal
essential medium (Gibco) was supplemented with 10% foetal
bovine serum (Gibco) to produce complete medium. To form
full corona particles, the nanoparticles were dispersed in com-
plete medium for 1 h on a nutator at room temperature. Hard
corona particles were prepared by centrifugation of 100 nm
full corona particles at 26 000 Relative Centrifugal Force (RCF)
at 4 °C for 75 min followed by removal of the resulting super-
natant. PBS was added to the pellet and the particles were
resuspended via bath sonication for 1 h.

The concentration of the particle dispersions was calculated
using the nominal sizes and density of the particles.
Dispersions were then diluted to a final concentration of 0.5 x
10° ml™" in all cases except the 40 nm full corona particles
which were diluted to a concentration of 2 x 10° ml™". A correc-
tion for the concentration difference was applied for the com-
parison of the adsorption rates. Size characterization of the
final dispersions was performed using a NanoSight LM14 and
NTA 3.0 software (Malvern). Values for the particle hydrodyn-
amic sizes obtained by NTA are reported as mean + standard
deviation. It should be noted that comparisons of particle con-
centrations measured by NTA suggested that the preparation
procedure of the hard corona particles led to a reduced par-
ticle concentration compared to under the other two con-
ditions. Therefore, we corrected the number of adsorption
events by the concentration measured to determine the
adsorption rate expected for a nominal number concentration
of 0.5 x10” ml™".

Atomic force microscopy

Atomic force microscopy (AFM) of the particles was performed
on a JPK NanoWizard (Bruker). Dispersions were prepared as
above, using milli-q water instead of phosphate buffered
saline. The full corona dispersions were diluted 20x with milli-
q water after incubation in complete cell culture medium.
Droplets of dispersion were placed on poly-t-lysine coated
glass slides.®> After 10 min incubation, dispersions were
removed without completely drying the substrate and then
replaced with milli-q water. Imaging of the particles was per-
formed in milli-q water in QI mode using the CB2 cantilever of
the qp-BioAC-50 chip (NANOSENSORS) with a nominal spring
constant of 0.06-0.18 N m™". Analysis of the images was per-
formed using JPK SPM Data Processing software. It should be
noted that AFM typically displays broadening in the scanning
plane and therefore only the heights are indicative of particle
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size. Heights are quoted as mean + standard error of the
mean.

The arithmetic mean height of the poly-i-lysine substrate
under the pristine condition was 0.6 + 0.1 nm which increased
to 1.2 + 0.1 nm under the full corona conditions. This suggests
biomolecules in solution did adsorb to the substrate. However,
the influence of this on the measured heights of the particles
was minimal, amounting to only ~0.6 nm, if biomolecules
adsorb in the region local to the particle.

Cryogenic transmission electron microscopy

Particle dispersions were prepared as above except that milli-q
water replaced the usage of phosphate buffered saline. Full
corona and hard corona samples were briefly centrifuged at
10 000 RCF for 5 min after which 90% of the supernatant was
removed to concentrate the dispersion. The loose pellet was
resuspended in the remaining supernatant by pipetting. An
aliquot (3 pL) of sample was deposited on glow-discharged
holey carbon-coated grids (3.5/1 Quantifoil Micro Tools, Jena,
Germany). After the excess liquid was blotted, the grids were
vitrified in liquid ethane using a Vitrobot (FEI, Eindhoven,
The Netherlands) and transferred to a FEI Tecnai T20 electron
microscope equipped with a Gatan model 626 cryo-stage oper-
ating at 200 keV. Micrographs were recorded under low-dose
conditions with a slow-scan CCD camera.

Liquid cell scanning transmission electron microscopy

Particle dispersions were prepared as above except that milli-
q water replaced the usage of phosphate buffered saline. The
dispersions were then diluted 500x in milli-q water.
Graphene TEM grids were prepared by transferring graphene
(mono and bi-layers) to the coated side of Au Quantifoil TEM
grids. The grids were placed on graphene layers (deposited by
chemical vapor deposition onto Cu foils) so that the coated
side of the grids was in contact with the graphene. Droplets
of isopropyl alcohol were placed onto the grids to improve
adhesion to the graphene. After drying, the grids were trans-
ferred to FeCl; solution (copper etchant, Sigma-Aldrich) for
30 min to etch away the Cu foil. The grids were washed
several times with deionized water (see ESI Fig. S4t for a
schematic of the grid preparation procedure). Droplets of par-
ticle dispersion were placed onto the grids and, after ambient
drying, the graphene backed grids were sandwiched together
to form ‘cells’ containing particle dispersion. The volumes of
dispersion were isolated from the vacuum and therefore
remained under ambient conditions whilst in the electron
microscope. Images were taken with a double-corrected and
monochromated Themis Z scanning transmission electron
microscope (Thermo Fisher Scientific) operating at 300 kv
through high-angle annular dark-field (HAADF) STEM mode.
The beam convergence angle was measured ~22.0 mrad. Data
from the HAADF-STEM images were acquired from angles of
about 31-186 mrad. Low dose STEM imaging was applied by
using 10-30 pA e-beam current. Analysis of the images was
performed using Velox software. Further details can be found
in the ESL}

This journal is © The Royal Society of Chemistry 2023
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Bilayer preparation

Bilayers were produced usinga1:1:1:1.5:1.11 x 10" ratio of
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine (DOPE), sphingomyelin,
cholesterol and N-((6-(biotinoyl)amino)hexanoyl)-1,2-dihexade-
canoyl-sn-glycero-3-phosphoethanolaime (biotin-X DHPE). All
lipids were purchased from Avanti Polar Lipids except biotin-X
DHPE (Invitrogen). Octadecyl rhodamine B chloride
(Invitrogen) was added to the lipid mixture at a 170 nM con-
centration as a lipophilic fluorescent label that binds to the
lipid molecules. The dried lipid mixture was diluted with PBS
to a 7 mM total lipid concentration. To obtain small unilamel-
lar vesicles, several freeze-thaw cycles were performed on the
subsequent liposome solution followed by sonication at temp-
eratures above 55 °C for 30 min. HeLa mimicking bilayers**
were prepared as above using a 0.29:0.31: 0.6 ratio of DOPC,
DOPE, cholesterol and brain r-a-phosphatidylserine (PS)
(Avanti Polar Lipids). After sonication, calcium chloride was
added for a final concentration of 5 mM for both the lipids
and CaCl. To form bilayers, liposome dispersions were de-
posited into a flow cell. The flow cell consisted of a polydi-
methylsiloxane (PDMS) microfluidic chip interfaced with
1.5 glass coverslips (VWR Scientific) to produce 5 separate
500 pm x 200 pm channels. The coverslips were cleaned via
sonication in acetone, ethanol and 1 M KOH solution, rinsing
with deionized water in between sonication steps. Prior to
attachment to the microfluidic chip, coverslips were oxygen
plasma cleaned for 30 min. After 1 h of incubation, the lipo-
somes collapsed to produce bilayers within the channels. The
bilayers were washed with PBS to remove excess lipid debris."”

Total internal fluorescence microscopy (TIRF)

Experiments were conducted on a home built TIRF microscope
consisting of an IX-71 inverted microscope (Olympus), 60x oil
immersion objective (NA 1.45, Olympus), EM-CCD camera
(Hamamatsu) and 561 and 488 nm lasers (Coherent) for
bilayer and nanoparticle fluorophore excitation, respectively.'®
Fluorescence recovery after photobleaching (FRAP) was per-
formed with the 561 nm laser to determine bilayer fluidity.
Only bilayers for which recovery was observed were used for
subsequent experiments. FRAP was also performed on bilayers
that were incubated with complete cell culture medium for 1 h
and then washed quickly with PBS. This was performed to
ensure that this pre-incubation procedure (used in the pre-
incubation experiments) did not disrupt or induce a fluid to
gel phase transition within the lipid bilayer (ESI Fig. S6t). For
the adsorption experiments under static conditions, particles
were aspirated into the channel after which the flow was
stopped once particles could be identified in the observation
region. Any residual effects of the flow were allowed to dissi-
pate before recording began. For the experiments under flow
conditions, the flow used to aspirate particles into the channel
was maintained for the entire observation period. Under
both conditions, 10 min videos were recorded using a 50 ms
exposure time and frame length (in total 12000 images
per video). Experiments were repeated several times under

This journal is © The Royal Society of Chemistry 2023
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the same conditions with each repeat performed on a new
bilayer.

Analysis

The Image]/Fiji***°® plugin TrackMate®” was used to identify
particles. Bright spots, indicative of particles on or near the
bilayer, were considered if the fluorescence intensity was above
a given threshold. The threshold was chosen such that all (and
only) particles observed by eye were identified. By linking the
identified particles across time (frames), the first appearance
(adsorption) and subsequent disappearance (desorption) of
the particle were identified. Distinguishing between particles
on and near the membrane using the intensity of the signal is
challenging, given factors such as photobleaching, uneven illu-
mination and the distribution of loaded fluorophores in the
particles. Therefore, we chose to consider only stationary par-
ticles as adsorbed onto the bilayer, in other words, particles
that did not move in the plane of the bilayer between the
initial adsorption event and subsequent desorption from the
bilayer. Therefore a 1 pixel interlinking distance was used.
Intensity profiles of the particles across time were manually
inspected to check that the outcome of the particle linking
coincided with the peak in the intensity profile (Fig. 1d). In
cases where a discrepancy was noted, the raw data was
inspected to confirm the particle adsorption and desorption
time points. This was necessary as both moving particles and
those with intensities close to the detection threshold could be
misidentified as multiple short events. Only events with mini-
mally three frames were used, i.e., the first time point of entry,
adherence (peak in intensity) and the last time point signal-
ling the desorption process. The residence time was calculated
as the time between attachment and detachment of the par-
ticle. It should be noted that our observations are limited by
the temporal resolution of the experiments, implying that resi-
dence times shorter than 100 ms are not captured.

To relate the length of the adsorption events to cell internal-
ization, we applied a threshold to quantify the particles that,
had they been adsorbed to a cell, would have remained
sufficiently long, on average, to be internalized. Particles that
remained adsorbed at the end of the measurement but had
been adsorbed for minimally the threshold time were kept in
the data set and all other particles that did not desorb were
removed as they could not be ascribed a known residence time
(more details on the analysis are provided in ESI Discussion
“Analysis of microscopy videos”t). For choosing the threshold,
we note that nanoparticles have been reported to be interna-
lized by various mechanisms ranging from clathrin-mediated
endocytosis to phagocytosis.>® These processes have typical
time scales ranging from 40 s to several minutes.’**" We
defined 120 s as our threshold, but choosing other values for
the threshold, for example 60 s and 180 s resulted in analo-
gous outcomes for the analysis of the 100 nm pristine particles
(ESI Fig. S77).

Statistical testing of the residence time distributions was
performed by a two sample Kolmogorov-Smirnov test at a 5%
confidence interval with the null hypothesis that the two data
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sets compared came from the same continuous distribution.
For the calculation of the average residence times (mean +
standard error of the mean) for the 100 nm and 40 nm full
corona particles under static and flow conditions, the few
events that were not observed to desorb were removed from
the data set. Further details can be found in the ESL¥

Results and discussion
Particle characterization

We studied adsorption dynamics of carboxylated polystyrene
particles with nominal diameters of 20 nm, 40 nm and
100 nm under pristine (untreated) and biomolecular corona
conditions. The biomolecular corona can be divided into the
hard corona, comprising tightly bound biomolecules, and the
soft corona, which are molecules that interact transiently with
the particle complex.**™** Particles with both the hard and the
soft corona are here termed full corona particles and we
studied hard corona and full corona particles, next to pristine
particles (Fig. 1a). Pristine nanoparticle dispersions were pre-
pared simply by dispersion in buffer; full corona nanoparticles

View Article Online

Nanoscale

were prepared by dispersion in complete cell medium contain-
ing 10% foetal bovine serum; and hard corona covered nano-
particles were prepared in the same manner as the full corona
particles, followed by a centrifugation and subsequent redis-
persion step in order to remove loosely bound biomolecules.*?
Size characterization of the polystyrene particles was per-
formed by atomic force microscopy (AFM) under all three con-
ditions. The insets of Fig. 2a-c show AFM images of the
100 nm particles, which confirmed their spherical morphology
(cross sections and larger images shown in ESI Fig. S1f).
40 nm and 20 nm particles both with and without corona cov-
erage were also characterized by AFM (ESI Fig. S2t). Height
determinations revealed an increase in size upon corona for-
mation and indicated a 5 nm thick layer on all particles, irre-
spective of (pristine particle) size. This is in line with previous
studies of biomolecule adsorption onto nanoparticles.**™*
The colloidal stability of the 100 nm particle dispersions was
assessed using nanoparticle tracking analysis (NTA), which
showed that all dispersions remained monodisperse (ESI
Fig. S31). Additionally, NTA yielded a diameter of 98 + 12 nm
for the pristine particles in line with the AFM measurements.
Furthermore, NTA gave diameters of 131 + 27 nm and 126 +

a Pristine b Hard corona c Full corona
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Fig. 2 Size characterization of 100 nm carboxylated polystyrene particles under various corona conditions via atomic force microscopy and cryo-
genic transmission electron microscopy. Height distributions obtained from cross sections of AFM images of a, pristine b, hard corona covered and
c, full corona particles measured in liquid, yielding average particle sizes of 95 + 1 nm, 104 + 1 nm and 107 + 2 nm, respectively. Insets show repre-
sentative AFM images where color indicates height above the substrate. Scale bars 50 nm. Cryo EM images of d, pristine particles e, hard corona
covered particles and f, full corona particles. Pristine particles show a well-defined particle edge, whereas the hard corona covered particles are
covered by biomolecules (indicated by arrows). Under full corona conditions, not only the particles were covered with biomolecules, but bio-
molecules are also present in the background. The smaller particles are ice contaminants, as indicated. Scale bars 50 nm.
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16 nm for hard corona covered and full corona particles,
respectively. There is a discrepancy between these measure-
ments and those from AFM, which can be explained by the
fact that NTA measures the hydrodynamic, rather than the
‘real’, particle size.

Further characterization of the 100 nm particles was per-
formed by cryogenic transmission electron microscopy (cryo-
EM) and scanning transmission electron microscopy (STEM)
to assess the degree of biomolecular coverage on particles
(Fig. 2d-f). Cryo-EM images of pristine particles showed single
spherical particles. Full corona particles were covered in
material which could also be found in the surrounding dis-
persion. This material was more dense on and in the vicinity
of the particles. Hard corona particles exhibited a coating
which was clearly distinct from the less dense background
(due to biomolecule removal in the centrifugation procedure).
Therefore, we concluded that both full and hard corona par-
ticles were indeed completely coated by biomolecules. Liquid
Cell STEM imaging confirmed these observations and, using
this innovative technique, we could visualize biomolecules
under ambient conditions (ESI Fig. S47).

Pristine particle interactions with lipid bilayers

We next investigated the adsorption/desorption behaviour of
individual 100 nm pristine particles on lipid bilayers under
static conditions (that is, without flow). The lipid bilayer was
composed of a 1:1:1:1.5:1.11 x 10~* ratio of 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE), sphingomyelin, cholesterol
and  N-((6-(biotinoyl)amino)hexanoyl)-1,2-dihexadecanoyl-sn-
glycero-3-phosphoethanolaime (biotin-X DHPE). This model
was chosen to mimic mammalian cell membranes which, in
addition to phospholipids, include large proportions of sphin-
gomyelin and cholesterol.*® A suspension of particles was
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exposed to the lipid bilayer and the nanoparticle-bilayer inter-
actions were captured by TIRF.'> ESI Video S1f shows data
from a typical experiment of 100 nm pristine particles interact-
ing with the lipid bilayer. TIRF microscopy largely eliminates
out-of-focus fluorescence by only visualizing up to ~200 nm
inside the flow cell (Fig. 1b). Furthermore, the closer to the
lipid bilayer an object is, the stronger the fluorescence. Spots
that suddenly appear and then grow in intensity thus represent
nanoparticles that come into sight and subsequently approach
the lipid bilayer and vice versa (Fig. 1c and d).

Particles were identified and linked across timeframes to
obtain the nanoparticle residence times, that is, the time
between adsorption and the frame prior to the desorption of
each individual object. Fig. 3a shows the distribution of resi-
dence times, where the final bar of the histogram represents
the proportion of events lasting 120 s or more (see also ESI
Table S1}). We observed that the majority of adsorbing pristine
particles (71%) resided on the bilayer for timespans of 120 s or
more. The rest of the distribution was heavily skewed towards
shorter residence times with only few events adsorbed for
more than 2 s.

In addition to the duration of the events, we also con-
sidered the actual number of adsorption events (Table 1 and
ESI Fig. S57) reflecting a combination of transport to the mem-
brane and remaining there long enough to be detected due to
interactions with the membrane. To compare quantities such
as diffusion and sedimentation rates, we calculated the
average adsorption rate. In this context, it is important to note
that sedimentation effects are negligible for the light poly-
styrene nanoparticles we use (Table S3t). We therefore
compare the experimentally measured adsorption rate with
what is expected due to diffusion, that is, the number of
100 nm diameter particles colliding with a plane in the
absence of interactions (Table 1; see ESI Discussion “Particle
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Fig. 3 Residence times of the 100 nm particles at the lipid bilayer. Histograms of the pooled residence time distributions from repeat trials of a, pris-
tine particles; b, hard corona covered particles; and c, full corona particles. Particles adsorbed to the lipid bilayer for 120 s or more are represented
by the final bars (120+). The majority of the data is in the 120+ bin for pristine particles. Conversely, the largest proportion of the data is contained in
the first histogram bars of the plots for the corona conditions. Insets show the sub 2 s residence time distributions with smaller (50 ms-sized) bins.
Within this timescale, all three conditions show a skew to the shortest timespan measured. d, Comparative residence times distributions of pristine
(blue), hard corona (green) and full corona (red) particles categorized into; transient (<1 s), intermediate (1-120 s) and long lived events (>120 s).
Events of intermediate and long duration are present for the pristine and hard corona covered particle conditions, but are practically non-existent

(see inset) for the full corona particle condition.
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Table 1 Adsorption and transport rates. See ESI “Particle adsorption rates onto lipid bilayers”t for how they were calculated
100 nm 100 nm 100 nm 40 nm 20 nm
Pristine Hard corona Full corona Full corona Full corona
Measured adsorption rate (um~>s™) 6.3%x107° 1.1x107° 1.9%x107° 0.6 x107° 0.2x107°
Calculated collision rate (qm™> s™") 17.2 17.2 17.2 67.9 191.9

adsorption rates onto lipid bilayers”t for derivations). The
experimentally measured particle adsorption rates were more
than 5 orders of magnitude smaller than the expected number
of particle-membrane collisions, indicating that particle
adsorption onto the bilayer is rare.

The biomolecular corona reduces particle adhesion

The experiments for 100 nm pristine particles discussed above
were repeated for 100 nm corona-covered particles to assess
the degree to which particle-membrane interactions are
affected by adsorbed biomolecules. We investigated both hard
corona covered (dispersed in buffer) and full corona (dispersed
in complete medium) particles. We note that the hard and soft
corona (and therefore by extension hard and full corona par-
ticles) are anticipated to differ not only in dynamics, but also
in composition.*” A clear difference between the pristine con-
dition (ESI Video S11) and the two corona covered conditions
(ESI Videos S2 and 37) can already be discerned by eye. In the
pristine condition, the majority of particles that can be seen to
adsorb do so for long periods of time (on the order of seconds
and longer), whereas in the corona conditions, many short
lived events can be seen. This suggests a large influence of the
biomolecular corona, where the presence of biomolecules
visibly reduces the time span of particle adsorption to the
membrane.

We quantified the residence times of corona covered par-
ticles in the same manner as discussed above For the corona
conditions, the fraction of events lasting 120 s or longer were
6% and 0.2% for hard and full corona particles, respectively
(ESI Table S1t). This substantial decrease compared to the
pristine condition indicates that the presence of a corona
hinders strong particle-membrane binding. Previous experi-
mental and simulation works have likewise shown decreased
particle adhesion under biomolecular corona conditions,
likely driven by surface energy effects (including from hydro-
phobicity/philicity of the particle surface).'>48:49

Fig. 3b and c¢ show that, for both corona conditions, the
most common residence time was the shortest time measured
(100 ms) and few particles adsorbed for timespans longer
than 1 s. Therefore, the majority of events for the corona con-
ditions were transient (Fig. 3d). Furthermore, corona coverage
also reduced the particle adsorption rate (Table 1 and ESI
Fig. S5t). This is consistent with a previous study utilizing
the same 100 nm polystyrene particles used here, where par-
ticles with a corona adhered far less to lipid bilayers com-
pared to pristine particles (an outcome that was also repli-
cated for cell membranes)."> We conclude that the corona
acts to drastically reduce the affinity of the particles to the
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lipid bilayer, both in terms of duration and rate of adsorption
events.

Hard corona particles reside longer than full corona particles
on bilayers

Given the large difference between pristine and corona covered
particles, it is interesting to observe more subtle differences
between the two corona conditions. The minor fraction of
events lasting more than 120 s increased more than 25 fold for
hard corona particles compared to full corona particles.
Similarly, the population that adsorbed for the shortest
measured residence time (100 ms) constituted the majority
under the full corona condition, whereas this value was below
50% in the hard corona condition. Furthermore, Fig. 3d shows
that a population of particles with intermediate residence
times was present in the hard corona condition (11% of
events) but was not observed in the full corona condition
(inset Fig. 3d). Statistical comparison of the residence time dis-
tributions confirmed that the distribution obtained from the
hard corona covered particle data differed significantly from
the full corona condition, and likewise both differed signifi-
cantly from the pristine particle condition (ESI Table S27). In
summary, hard corona covered particles adsorbed for longer
time spans compared to full corona conditions.

The hard corona and full corona conditions differ in the
absence and presence, respectively, of free (not irreversibly par-
ticle bound) biomolecules which contribute an additional
transient layer of biomolecules to the particle surface (Fig. 1a).
However, there is also a second difference, namely that under
full corona conditions, biomolecules in the medium may also
associate with the lipid bilayer, either by adsorbing or through
more transient interactions. Both the presence of a soft corona
and/or biomolecular association with the lipid bilayer could
lead to the difference observed between hard and full corona
conditions. We therefore investigated the effect of (potential)
incorporation of biomolecules into the bilayer by incubating
the bilayers with complete cell culture medium for 1 h, briefly
rinsing with phosphate buffered saline, and finally adding
hard corona particles as before. ESI Fig. S61 displays the distri-
bution of residence times after this procedure, showing that
the fraction of events lasting longer than 120 s increased from
6% to 20% due to the preincubation of the bilayer with com-
plete medium. That is, the preincubation actually led to an
increased difference between the hard corona and full corona
conditions. This indicates that strongly bound biomolecules
adsorbed onto the bilayer facilitate long term binding of hard
corona particles. This implies that the decrease in long-lasting
events under full corona conditions is not directly due to

This journal is © The Royal Society of Chemistry 2023
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incorporation of biomolecules into the bilayer under these
conditions. We therefore suggest that either transiently
adsorbed biomolecules on the bilayer and/or the soft corona
lead to the reduced residence times under full corona con-
ditions compared to hard corona covered particles.

Particle size affects adsorption behaviour

It has been reported that uptake is dependent on particle dia-
meter, with a maximum occurring for particles of
~50 nm.>*°* To determine whether a likewise dependence
occurs for residence time, the different sized nanoparticles
were investigated under full corona conditions. Fig. 3c and 4a-
b show the residence time distributions for the three particle
diameters and ESI Table S3+ lists the fraction of events lasting
longer than 120 s. All particles mainly exhibited transient
interactions with few events lasting for 120 s or more.
Furthermore, on short timescales the three particle sizes
showed a similar shape of the distribution, with a rapid decay
of the number of events as a function of residence time. We
conclude that the residence time distribution did not notably
differ with particle size, though the (small) proportion of long-
lasting events may still differ.

However, the adsorption rate was particle size dependent,
with larger particles exhibiting higher rates (Table 1 and ESI
Fig. S51). In interpreting these results, we note that the
number of events we observe is a combination of the nano-
particle first of all arriving to the bilayer and second of all
remaining there (for long enough for us to observe it). To
arrive to the membrane, sedimentation effects are essentially
absent for polystyrene nanoparticles (ESI Table S37), which
have a density close to water. Furthermore, the particle impin-
gement rate (see equation in ESI Discussion “Particle adsorp-
tion rates onto lipid bilayers”t) decreases with increasing par-
ticle size, and thus shows the opposite trend with particle size
compared to what is empirically observed (Table 1). This hints
at an effect in which adsorption rate is dependent on how long
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the particle remains close to the surface, rather than how
often. Indeed, the impingement velocity goes down with
increasing diameter and, related to that, the diffusion coeffi-
cient is smaller for larger particles (while the diffusion coeffi-
cient is also modulated close to a surface, the size dependence
remains the same®®). In addition, there is likely a size depen-
dence of the particle-membrane interaction force. While the
detailed functional form of the interaction force cannot be pre-
dicted from first principles, especially in the presence of the
corona, it does not seem unreasonable that the interaction
force is stronger the larger the particle. For example, this is the
case for the van der Waals force of a particle near a plane.**>>°
Ostensibly, the observation that the interaction is stronger for
larger particles may seem inconsistent with the residence time
largely being independent of size. However, both adsorption
and desorption depend on the detailed form of the interaction
force, certainly including the depth of the potential energy
well, but also on the range of the interaction and eventual
potential barriers.”® In addition, the lipid membrane may
rearrange upon adsorption and thereby change the interaction
at close range. Therefore the size dependence of adsorption
rate and residence time may be decoupled. Overall, we thus
interpret the size dependence of the adsorption rate to reflect
a reduced diffusion close to the surface and/or a stronger inter-
action for the larger particles.

Flow conditions reduce the number of adsorbing particles

In nanomedicine approaches, particles are often exposed to
membranes under flow conditions, e.g., in the blood stream.
In order to mimic such scenarios, albeit to a limited extent,
flow was introduced into the experimental design. We chose
to match the shear stress (as opposed to flow velocity) at the
bilayer surface to that at the endothelial cell layer within
blood capillaries.”” Therefore, particles were aspirated
through micro channels to achieve a shear stress of ~0.5 N
m™% We investigated the flow effects on the adsorption of

c 1 40 nm flow d1 100 nm negative bilayer
0.8 i 0.8 ;
0.8 0.8
o6l 0O osfl 06
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Fig. 4 Size, flow and membrane composition effects on particle adsorption behavior. Histograms of the pooled residence time distributions of a,
20 nm full corona particles, b, 40 nm full corona particles, c, 40 nm full corona particles maintained under flow conditions and d, 100 nm full
corona particles interacting with a HelLa cell mimicking negatively charged membrane under static conditions. The few particles that remained
adsorbed to the lipid bilayer for 120 s or more are represented by the final bars (120+). Insets show the sub 2 s residence time distributions with
smaller (50 ms-sized) bins, which accounts for the vast majority of the data regardless of condition.

This journal is © The Royal Society of Chemistry 2023

Nanoscale, 2023, 15, 248-258 | 255


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2nr05296b

Open Access Article. Published on 06 December 2022. Downloaded on 11/7/2025 2:43:20 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

full corona particles as it most closely resembles the situation
of particles in blood.

The addition of flow reduced the average number of adsorp-
tion events 35-fold and 9-fold for 100 nm and 40 nm full
corona particles, respectively. As a consequence, the number
of events for the 100 nm full corona condition was insufficient
to form a residence time distribution. However, we could cal-
culate an average residence time from the pooled data set of
observed adsorption events. The average residence time of
100 nm full corona particles was 1.05 + 0.05 s in the presence
of flow, whereas the same particles under static conditions
had an average residence time of 0.12 + 0.002 s. The residence
time distribution of the 40 nm full corona particles under flow
(Fig. 4c) was also different from the static condition (Fig. 4b).
While in both cases most particles were adsorbed for less than
2 s, the distribution in the inset of Fig. 4c shows that the
majority of events under flow did not fall within the first bin
(100 ms), which was the case for the static scenario (inset
Fig. 4b). This resulted in an increase in the average residence
time from 0.17 + 0.05 s under static conditions to 0.93 + 0.5 s
under flow. Therefore, for both particle sizes, the introduction
of flow increased the average duration of adsorption events by
up to an order of magnitude.

As already stated, sedimentation is negligible for these par-
ticles. Therefore, the reduced number of events is not due to
the prevention of sedimentation caused by flow, as had been
found in a previous study using (heavier) gold particles.’®
Rather we interpret the difference as the introduction of flow
being sufficient to overcome transient particle-membrane inter-
actions. As transient interactions dominate in the full corona
conditions, this could plausibly lead to the large reduction in
the number of events observed. Likewise, the increase in
average residence time for both particle sizes under flow con-
ditions is consistent with a reduction of, in particular, the very
short-lived adsorption events. That is, weakly interacting par-
ticles are typically washed away so we expect that the particles
we do see adsorb are the rarer long adsorption events.

Membrane composition affects the number of adsorbing
particles

Finally, we investigated the influence of membrane properties
on the adsorption of 100 nm full corona particles under static
conditions. We compared the neutral bilayers used throughout
this work to HeLa cell mimicking bilayers** which contain a
small proportion (6%) of negatively charged lipid (brain PS).
The majority of adsorption events were transient when this
negatively charged bilayer were used (Fig. 4d), comparable to
the earlier neutral bilayer (Fig. 3c). However, there were some
subtle differences in the rest of the distribution, namely the
presence of a few singular events with intermediate adsorption
times and a small increase in the proportion of long term
adsorption events.

There was a more marked difference between the two mem-
brane systems when comparing the number of adsorption
events. The measured adsorption rate was approximately
halved for the negatively charged membrane (8.6 x 107° ym™>
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s™') compared to the neutral membrane (Table 1). We exclude
the possibility of decreased transport to the bilayer as the par-
ticles and environment are the same in both conditions. There
is a difference in terms of the electrostatics, but electrostatics
is strongly screened in physiological media®® and are therefore
unlikely to result in decreased transport to the membrane.
However, once the particles are in close vicinity to the bilayer
(<1 nm),* electrostatic interactions are influential. Therefore,
similar to the size effects, we interpret the different adsorption
rates to manifest from differences in how long particles
remain once in the vicinity of the bilayer. In this case, we attri-
bute the decreased duration to electrostatic interactions
between the weakly negatively charged membrane and exposed
negative domains of the biomolecular corona molecules.

Conclusions

In summary, the presence of a corona on the nanoparticle
surface reduces both membrane adsorption rate and duration.
This is consistent with the idea that surface energy effects
drive both corona formation and membrane
interactions.’*?"*® In the absence of a corona, the high
surface energy of the bare nanoparticle surface makes the par-
ticle adhere strongly to the membrane. In the presence of a
corona, on the other hand, the nanoparticle surface has
already been passivated due to corona formation and sub-
sequent particle-membrane interactions are weaker. Naturally,
other interactions could modulate these effects, but they
appear to be too weak to change the overall outcome. Aside
from the large difference between the presence and absence of
a corona, we also observed fewer long-lived adsorption events
under full corona conditions compared to hard corona covered
particles. Particle size, on the other hand, did not seem to
affect the duration of binding, but it did alter the adsorption
rate. We attribute this to either reduced dynamics at the
surface and/or particle-membrane interactions. Under con-
ditions mimicking the shear stress in blood capillaries due to
flow, the number of events reduced substantially, but the
average residence time increased. We interpret this as an inhi-
bition of transient particle interactions under flow. Finally, a
negatively charged HeLa cell membrane mimicking bilayer
showed a decreased number of adsorption events compared to
the neutral membrane. We attribute this to the presence of
electrostatic interactions between the bilayer and molecules in
the biomolecular corona once the particle complex is in the
vicinity of the membrane (<1 nm).

Non-specific lipid bilayer-particle interactions have been
characterized as a first step towards understanding the more
complex cellular membrane-particle interactions. The out-
comes reported here are relevant for the interpretation of more
biomimetic systems where both non-specific and specific
interactions are present. As an example, linking to cellular
uptake, it has been observed that a maximum occurs for nano-
particles of a size around 50 nm.*>*°">* Qur results indicate
that, in terms of non-specific interactions, the total number of

This journal is © The Royal Society of Chemistry 2023
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adsorption events increases with particle size. Thus, the obser-
vation of a cell uptake maximum would have to be interpreted
with this in mind. However, it remains to be determined to
what degree the non-specific interactions investigated here are
relevant when cell receptors are present. In addition to the
introduction of specific interactions, it is also possible that the
non-specific interactions are modulated by the presence of
membrane proteins. Therefore, as a next step in understand-
ing size dependent adhesion, we envision future experiments
using membrane models containing specific receptors of inter-
est, building towards the use of reconstituted cell
membranes.”'*®>¢! We also note that for cell uptake, where
full corona conditions are relevant, it is crucial for the nano-
particle to remain at the cell membrane long enough for an
internalization mechanism to be concluded. Nanoparticles
have been reported to be internalized by various mechanisms,
ranging from clathrin-mediated endocytosis to phagocytosis
with typical time scales ranging from 40 s to several
minutes.**™*' Thus, the majority of the events we observe, as
well as those too short for us to observe, are likely far too short
to be relevant for cell uptake, putting the rare long-lived events
in the spotlight. In this context it is interesting to note that we
could not discern any particle size dependence in the pro-
portion of such long-lived events.

Overall, our results underline the importance of characteriz-
ing the (bio)physical interactions of nano-sized objects with
membranes if one wants to understand and optimize uptake.
Together with a detailed characterization of the particle
itself,®” this is likely to form a basis for a more biophysical
approach to nanomedicine design.
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