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ABSTRACT

In biological fluids, proteins bind to particles, forming so-called protein coronas. Such adsorbed
protein layers significantly influence the biological interactions of particles, both in vitro and in
vivo. The adsorbed protein layer is generally described as a two-component system comprising
“hard” and “soft” protein coronas. However, a comprehensive picture regarding protein corona
structure is lacking. Herein, we introduce an experimental approach that allows for in situ
monitoring of protein adsorption onto silica microparticles. The technique, which mimics flow in
vascularized tumors, combines confocal laser scanning microscopy with microfluidics and allows
the study of the time-evolution of protein corona formation. Our results show that protein corona
formation is kinetically divided into three different phases: phase 1, proteins irreversibly and
directly bound (under physiologically relevant conditions) to the particle surface; phase 2,
irreversibly bound proteins interacting with pre-adsorbed proteins, and phase 3, reversibly bound
“soft” protein corona proteins. Additionally, we investigate particle—protein interactions on low-
fouling zwitterionic-coated particles where the adsorption of irreversibly bound proteins does not
occur, and on such particles only a “soft” protein corona is formed. The reported approach offers

the potential to define new state-of-the art procedures for kinetics and protein fouling experiments.



INTRODUCTION

Nano- and micro-sized particles are widely studied owing to their potential in drug delivery,
therapy, and diagnostics. An important aspect in their development is to establish a fundamental
understanding of protein adsorption onto them—upon formation of the so-called protein corona,
the particle “synthetic identity” transitions to a “biological identity”, subsequently influencing the
physiological and therapeutic response of the particles.! The protein corona is generally
described as a two-component system.* Proteins with a high affinity for the particle surface form
a tightly bound layer, the “hard” protein corona. This layer is surrounded by a protein cloud, often
referred to as the “soft” protein corona, wherein rapid dynamic exchange of proteins between the
solution medium and particles dominates.>® However, because of the limited number of suitable
characterization methods for monitoring and evaluating protein adsorption in detail, it is difficult
to clearly define the different layers to confirm the general description used for protein coronas.”
? Depending on the characterization method used, the protein corona is described according to
either the Gibbs free energy AG.*!%'? which defines the adsorption and desorption rates of
proteins, or binding force'*!* between the proteins and particle surface. Proteins with a large AG
have a low probability of desorption and therefore remain associated with the particle surface.
These proteins are considered to form the “hard” protein corona. Distinction based on binding
forces implies that “hard” protein corona proteins interact directly with the particle surface through
long-range, strong protein—surface interactions, whereas proteins in the “soft” protein corona
interact with other proteins through short-range, weak protein—protein interactions. Another
theoretical distinction is based on the persistence of the protein to remain adsorbed throughout the
nanoparticle’s journey (i.e. from bloodstream to tissue and past-endocytic environments) as protein

corona composition changes during biophysical events.® 1516 The concept of “persistent” proteins



originates from studies where the “hard” protein corona is used to follow the particle’s past.!”!° It
is becoming increasingly important to clearly understand the complex process of protein corona
formation, with a focus on the influence of the “soft” protein corona on physiological
interactions.*”132924 However, to do so, it is crucial to acquire and understand further details such
as the time-evolution of protein corona formation.

Existing techniques for investigating the protein corona can be divided into ex situ and in situ
methods. Ex situ approaches study the protein corona after isolation of the particles from the
biological environment.” This process may change the protein corona composition and may not
preserve the “soft” protein corona.®?°2° Therefore, such techniques are essentially limited to the
analysis of the “hard” protein corona. In contrast, in situ methods monitor the particle—protein
complex directly in the incubation solution, allowing for analysis of the “soft” protein corona.
Insights on the corona thickness, protein surface affinities and stoichiometries of protein
association with, and dissociation from, the nanoparticle surface, as well as the protein structure

can be obtained. Commonly used analytical tools include dynamic light scattering,?’-*8

23,25,29 27,30

fluorescence correlation spectroscopy, zeta potential measurements, circular dichroism
spectroscopy,!*2 Fourier transform infrared spectroscopy,’ and isothermal titration calorimetry.*?
However, to our knowledge, there is no technique that enables studying the kinetic formation of
the entire protein corona in situ and under flow, and further providing a clear distinction in the
transition between the “hard” and the “soft” protein corona.

Herein, we introduce the combination of confocal laser scanning microscopy (CLSM) with
microfluidics (MF) as a versatile technique to study protein adsorption onto particles. Microfluidic

set-ups provide well-defined systems, as important parameters such as channel dimensions and

flow rates are precisely controlled. Such well-defined systems facilitate reproducibility of



experimental data and therefore allow standardization of experiments and data reporting.>** By
monitoring the increase in fluorescence intensity, which results from the adsorption of
fluorescently labeled proteins onto the particles, valuable information about formation kinetics and
stability of protein coronas can be obtained. Protein adsorption occurs after milliseconds and
continues over several minutes until an equilibrium is reached. Using this technique, three different
adsorption regimes are observed, which we hypothesize are linked to the formation of three unique
phases. Proteins that adhere with high adsorption rates are directly bound to the particle surface
and form the first phase, P, 4. This layer is surrounded by irreversibly bound proteins that interact
with proteins that have already adsorbed, thereby forming the second phase, PZ,.4. Both phases
belong to the so-called “hard” protein corona and are stable under physiological conditions. A
third, loosely attached, and therefore unstable, phase forms the “soft” protein corona (Psoft) as the
outer layer. The versatility of this approach is further demonstrated by studying the influence of
surface chemistry and applied flow rates on protein adhesion. We demonstrate that low-fouling
zwitterionic materials prevent the adsorption of irreversibly bound proteins, but that a “soft”
protein corona still forms on them. Additionally, by varying the flow rate, we show that protein
adsorption kinetics slow down with increasing fluid velocities.

EXPERIMENTAL SECTION

Materials. All chemicals were of analytical grade and used as received without further
purification, except for copper(I) bromide (CuBr), which was purified by washing sequentially
with glacial acetic acid, absolute ethanol (EtOH), and diethyl ether, followed by drying under
vacuum. 2-Hydroxyethyl methacrylate (HEMA) was passed through an aluminum oxide column
prior to polymerization to remove the inhibitor. High-purity water (Milli-Q water) with a resistivity

of >18.2 MQ cm was obtained from an inline Millipore RiOs/Origin water purification system



(Millipore Corporation, Massachusetts, USA). Device fabrication was carried out using a
Sylgard®184 silicone elastomer and the corresponding curing agent from Dow Corning
(Michigan, USA). Silicon wafers (diameter 3 in.) were obtained from Si-Mat Silicon Materials
(Germany). Developer mr-DEV 600 and photoresists Nano™ SU-8 50/SU-8 100 were purchased
from MicroChem Corporation (Massachusetts, USA). Silica particles with an average size of
16.4 um (isoelectric point (IEP) 2) were obtained from microParticles GmbH (Germany). Cy3-
and Cy5-labeled HSA were obtained from Nanocs (Boston, USA) (IEP 5.3). Dulbecco’s phosphate
buffered saline (DPBS) and NaOH pellets (97%) were purchased from Aldrich (Missouri, USA).
Silica particle functionalization was carried out using (3-aminopropyl)triethoxysilane (APTES,
98%), ammonia (NH3, 28-30%), pyridine (anhydrous, 99.8%), tetrahydrofuran (THF; anhydrous,
99.9%), and a-bromoisobutyryl bromide (98%), which were all purchased from Aldrich. For the
surface-initiated atom transfer radical polymerization (SI-ATRP, HEMA (97%), N,N,N',N",N"-
pentamethyldiethylenetriamine (PMDETA, 99%), 2-methacryloyloxyethyl phosphorylcholine
(MPC), CuBr (98%), and nitric acid (70%) from Aldrich were used. Fluorescence labeling was
carried out using AF488-N-hydroxysuccinimide (NHS) purchased from Thermo Fisher (Victoria,
Australia) and dimethyl sulfoxide (DMSO) (anhydrous, >99%) that was obtained from Aldrich.
Albumin from human serum (lyophilized powder, >96%), purchased from Aldrich, was used for
protein corona formation.

Fabrication of MF Devices. The MF chips were prepared according to a modified literature
method to mimic the in vivo environment.*®3” A linear channel design (for the static in situ studies)
and a cross-shaped mixer geometry (for the dynamic in situ studies) were used, both with
dimensions of 250 um x 150 um (height x width) for the main channel. Structures were designed

using the AutoCAD 2013 (Autodesk) software. This network was printed on a photomask foil



using a soft photographic emulsion gel. To replicate this design onto a silica wafer, spin-coating
cycles of a negative epoxy-based photoresist (SU-8) were applied using a mask aligner (Siiss
MicroTec). An ~100-um thick layer was obtained. Soft baking (65 °C, 10 min) steps and UV
patterning were performed after each spin-coating step by placing the mask onto the wafer and
exposing it to UV light. Unexposed photoresist was removed using developer prior to a final hard
baking (95 °C, 30 min) step. Soft lithography was performed by pouring a 10:1 w/w mixture of
polydimethylsiloxane (PDMS) base and curing agent onto the silicon master. After degassing for
45 min in a desiccator and subsequent drying for 2 h at 75 °C, the replicate was removed from the
master, and inlet ports for fluids were added. To obtain a three-dimensional (3D) channel structure,
two PDMS devices were sealed together after plasma activation (air plasma, 5 min) and dried
overnight at 35 °C.

Immobilization of Silica Particles for Static Experiments. The silica particles were
immobilized in the channel prior to in situ measurements. The particles were first washed with
DPBS via repeated centrifugation (1000 g, 1 min, 3x) and resuspension steps and subsequently
injected into the channel (5 pL concentrated particle stock solution) with a pipette. The solution of
the particle dispersion was then allowed to evaporate overnight at 20 °C, resulting in immobilized
silica particles. A particle monolayer was obtained by injecting DPBS (10 pL) into the channel to
remove excess silica particles.

MF-CLSM Static Experiments. In situ experiments for protein corona formation were carried
out by combining CLSM with MF. CLSM images were taken using a Leica TCS SP8 equipped
with HCX PL FLUOTAR 5x%/0.15 DRY, HCX PL FLUOTAR L 20x/0.40 DRY and 40x/0.60
DRY, as well as Fluotar VISIR 25%/0.95 WATER, HC PL APO CS2 63%/1.20 WATER and HC

PL APO CS2 63%/1.30 GLYC objectives. The set-up was also equipped with 405-, 488-, 514-,



552-, and 638-nm lasers, two photomultipliers (PMTs), one transmission photomultiplier
(PMTtrans), and an ultra-sensitive hybrid detector. Confocal two-dimensional (2D) images were
obtained with an ultra-fast resonance scanner (12,000 Hz) in the x—y image scan mode. The 638-
nm laser was set to 95% with a gain of 500 V for PMT2 and 230 V for PMTtrans. The detection
range was set to 660—749 nm. For the measurements, the 3D PDMS MF device was placed on top
of a standard glass slide and located under the CLSM microscope. HSA—CyS5 solution in DPBS
with a concentration of 0.2 mg mL™! was injected via syringe pumps (Nemesy, CETONI GmbH)
equipped with gas-tight Hamilton syringes. This concentration was chosen on the basis of the
fluorescence intensity and the detection limits of the instrument. The devices were connected to
the syringes via Original-Perfusor lines (Type IV-Standard; B. Braun Melsungen AG, Germany)
and medical grade polyethylene microtubings (0.38 mm inner diameter x 1.09 mm outer diameter;
Scientific Commodities Inc., Arizona, USA). The applied flow rate was 600 pL h™'. CLSM images
were taken before the protein solution was injected into the channel, every ~0.8 s for the first 60
s, and every 30 s from 1.30 to 300 s. From 360 up to 600 s, images were taken every 60 s. A 120
s time interval was applied from 720 to 1200 s. The time interval changed to 300 s between 1500
and 3600 s. The last image was taken after 5400 s. A standard fluorescence curve was constructed
as a function of HSA—Cy5 bulk concentration, which showed linear correlation of fluorescence
intensity with protein concentration (Figure S1).

MF-CLSM Dynamic Experiments. For the dynamic in situ imaging, the same set-up as that
for the static measurements was used. However, a cross-shaped mixer was used as the particle and
protein solutions were injected simultaneously. Z-scan series were taken in the x—y—z mode and
reconstructed by LAS X (Version 2016) software. The focus was adjusted to be at the bottom and

top of the MF channel (93.52-85.63 um) with an increment of 4.71 um. For the coating



experiments, both the 552-nm and 638-nm lasers were used to detect HSA—Cy3. Both laser
intensities were set to 95% with PMT1 = 600 V, PMT2 = 500 V, and PMTuans = 230 V. Detection
ranges were 564-620 nm for HSA—Cy3 and 660-749 nm for HSA—Cy5. The particle solution (5
wt% in DPBS) was injected into the middle channel, and the protein solutions (0.2 mg mL™! in
DPBS) were injected into side channels. Flow rates were kept constant for all three channels
(20,000 puL h™! for initial injection, measurements were taken with an applied flow rate of 500 L
h™! per channel). Particle concentration was measured on a flow cytometer (Apogee Micro Flow
cytometer).

Protein Corona Stability Measurements. The MF-CLSM static set-up was used for the
stability measurements. Studies were conducted after protein corona formation (which occurred
within 90 min) with HSA—Cy5 on bare silica particles. DPBS was injected into the channel with a
constant flow rate of 600 pL h™! for 5 min following injection of concentrated NaOH solution
(17.6 M).

CLSM Data Analysis. CLSM images were analyzed using ImageJ processing software. Particle
fluorescence intensity was averaged over 10-12 different particles per data set (Figure S2).
Particles were randomly chosen, however, with no overlap with each other and close to the area of
background measurement. For the intensity measurements, the following assumptions were made:
(1) background intensity is constant throughout the channel; (2) background intensity is constant
over the area of one particle; (3) photobleaching is negligible, as exposure times are <1 s; and (4)
laser intensity and detection signal are constant throughout the experiment. Standard deviations
were calculated with 95% confidence intervals. Background correction, including protein solution
and PDMS inner channel walls, was carried out by measuring the fluorescence intensity at different

areas and subtracting the average value from the particle fluorescence intensity. Note that images
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were excluded from analysis if undissolved proteins (very high fluorescence intensity) were
present in the selected areas for the intensity measurements. Furthermore, normalization of
fluorescence intensity was not performed to the highest measured value but to an average value of
the highest 10—15 values. This method was chosen to minimize intensity fluctuations and therefore
to obtain a more accurate value of the final (plateau) particle intensity. This led to a further
exclusion of values for linearization, as In(1 — /) is only defined for 7 < 1.
Poly(2-methacryloyloxyethyl phosphorylcholine (PMPC) Coating of Silica Particles. To
attach ATRP initiator groups to the surface of the non-porous silica particles, the surface was
amino-functionalized. The silica particles (300 mg) were first dispersed in EtOH (4.2 mL).
Ammonia (210 pL) and APTES (210 pL) were then added to the suspension and stirred overnight
at 20 °C. The volume ratio of EtOH/ammonia/APTES was fixed at 1:1:20. The APTES-modified
silica particles were washed via repeated centrifugation (1000 g, 1 min) and resuspension steps,
first in EtOH (2x) followed by Milli-Q water (2x). The washed particles were then reacted with
a-bromoisobutyryl bromide for initiator attachment. A volume ratio of SiO2-NHz/THF/a-
bromoisobutyryl bromide of 1:15:3 was used. The particles were dispersed in anhydrous pyridine
(200 uL) and THF (anhydrous, 4.5 mL). After the addition of a-bromoisobutyryl bromide
(900 puL), the suspension was stirred overnight at 20 °C. Purification was performed by washing
with EtOH (1000 g, 1 min, 2x) and Milli-Q water (1000 g, 1 min, 2x). Particles were stored
suspended in EtOH in the fridge (8 °C). SI-ATRP was conducted exclusively under strict oxygen
exclusion. A molar ratio of the reactants of silica@ATRP/monomers/CuBr/PMDETA of
1:1000:2:2 and a monomer ratio of MPC/HEMA of 90:10 were used. In a Schlenk flask, the
monomer mixture (1000 mg, 3.38 mmol MPC, 44 mg, 0.38 mmol HEMA), ATRP initiator-

functionalized silica particles (2 mL of 150 mg mL™" stock solution in EtOH), and PMDETA
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(1.17 mg, 0.0077 mmol) were dissolved in EtOH (5 mL). The reaction mixture was degassed by
three freeze—pump—thaw cycles before CuBr (1.1 mg, 0.0077 mmol) was added, and
polymerization was started by heating the mixture to 50 °C. After 20 h, the reaction was quenched
by cooling the mixture to 20 °C and exposing it to air. Purification was performed by repeated
centrifugation (1000 g, 1 min) and resuspension steps using nitric acid (1 M, 1x), 10%
pyridine/EtOH (1x%), and EtOH (3%) as suspension media. Based on previous studies that show

3839 we assume that

that the monomer ratio prior to polymerization matches that in the polymer,
the product particles have a monomer ratio that matches that of the reaction monomer ratio of
MPC/HEMA of 90:10. The particles were stored in EtOH in the fridge (~8°C).

HSA Coating of Silica Particles. Albumin coating of the silica particles was performed by
immersing the silica particles (100 mg dispersed in 200 uL. DPBS) in the protein solutions for 24 h
at 20 °C under constant shaking. A protein concentration of 1 mg mL™' in DPBS was used. For
fluorescently labeled proteins (HSA—Cy5), a concentration of 0.2 mg mL ™! was used. Purification
was performed by isolating the particles through centrifugation (1000 g, 1 min) and resuspending
them in DPBS. This step was repeated thrice to remove all unbound proteins. Particles were stored
in the fridge (~8 °C).

Particle Characterization. Thermogravimetric analysis was conducted on a TGA/SDTA 851
from Mettler Toledo in an air atmosphere. The samples were heated from 30 to 1000 °C at a heating
rate of 10 °C min'. Fluorescence microscopy images were taken with an Olympus IX73
microscope (10x objective, Olympus) equipped with a Nikon D7000 camera. To visualize the
PMPC-coated particles, the latter were labeled with NHS-activated Alexa Fluor (AF488-NHS).

The particles were dispersed in DMSO (anhydrous, 200 uL), and 5 uL of AF488-NHS (1 mg mL ™!

in anhydrous DMSO) was added. After 2 h at 20 °C under constant shaking, unreacted dye was
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removed by repeated centrifugation (1000 g, 1 min) and resuspension steps in Milli-Q water (3x).
To visualize the HSA-coated particles, fluorescently labeled HSA—Cy5 was used, instead of non-
labeled HSA.

High-Speed Camera Imaging. High-speed camera imaging was performed using a Phantom
v1612, Vision Research system. Imaging was performed using a fluorescence microscope 1X73
(Olympus Co.) equipped with a UPlanFL N 10x objective and a U-LH100HG mercury lamp. An
intense, focused light source allowing exposure down to 2 ps was used. Data analysis was
performed using Phantom Control software (version 9.2675.2-C) from Vision Research Inc.
Snapshots were selected from the whole image sequence and analyzed with ImageJ software, as
described in the CLSM data analysis. The same MF set-up as that for the dynamic MF—-CLSM
measurements was used.

Optical Waveguide Lightmode Spectroscopy (OWLS). OWLS measurements were
performed with an OWLS 210 instrument (MicroVacuum, Budapest, Hungary) programmed with
Biosense 2.6 software. Measurements were performed on silica sensor chips that were washed
with ethanol and Milli-Q water (3x each), before drying under nitrogen followed by oxygen plasma
cleaning. The optical properties of the sensor chips were determined in air, before allowing the
sensor chips to equilibrate for 60 min in DPBS. Measurements were performed at 23 °C, and HSA
samples were only injected once the system had stabilized so that the change in signal (both ntm
and nte) with time was less than 1078,

RESULTS AND DISCUSSION

Microfluidic Set-Up. Real-time monitoring of protein corona formation was conducted using

CLSM in combination with MF. Microfluidic devices enable in situ monitoring as (1) transparent

polymers, such as PDMS, are used to make the device, (2) their dimensions are in a size range that
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allows them to fit a standard microscope slide, and (3) they provide a dynamic environment
through connection to syringe pumps.’® 3D PDMS chip fabrication was realized using soft
lithography.3”*? The photolithographic master was fabricated via repeated spin-coating and UV
exposure steps with subsequent development and removal of uncured photoresists. The resulting
microchannel structure was replicated by PDMS. 3D channel networks were obtained by bonding
two devices through air plasma activation. Scheme la shows an illustration of the experimental
set-up used for static incubation. A linear channel design was employed with one inlet port and
one outlet port. Channel dimensions (250 um % 150 um, height x width) were designed to mimic
fluid flows in vascularized tumors.*'*? For our studies, non-porous silica microparticles with an
average diameter of 16 um were used as a model system, as they have been widely tested in
numerous applications and used in consumer products.** As a model protein, fluorescently labeled
(cyanine 5, Cy5) human serum albumin (HSA, the most abundant protein in human plasma)
(HSA-CyS5) was used.* The particles were immobilized in the microfluidic channel by injecting
the particle dispersion into the channel and allowing the liquid to evaporate. HSA—Cy5 was
subsequently pumped through the channel in a controlled manner via syringe pumps. Protein
corona formation was monitored in real time by CLSM, wherein increases in fluorescence intensity
correlate to protein adsorption (Scheme 1b). Our approach is conceptually similar to a recent study
that used fluorophore-labeled proteins to map the spatial distribution of adsorbed proteins on silica
nanoparticles.*’ In our study, quantitative data such as adsorption rates and time spans per phase
could be obtained by averaging the increase in fluorescence intensity over 10—12 particles. These
data provide valuable information about the time-evolution of protein adhesion. This allows us to
distinguish between the different layers and enables comparison over a wide range of parameters

such as different surface chemistries, flow rates, and protein concentrations. To better represent an
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in vivo environment, we further developed an approach that extended the static set-up to a dynamic
system (Scheme 1c,d). Using a cross-shaped mixer channel design with three inlets and one outlet
port, particles were hydrodynamically focused in the central stream and surrounded by a

fluorescently labeled protein solution.

Static Dynamic
a O c |WEEX __Flow

;'n&#&«*x ° *‘ﬁ&k lt &4 xi.;*%

Particles immobilized in channel surrounded by proteins | ¥ i j Particle and proteins flow through
channel

Scheme 1. Schematic of the microfluidic set-ups used for in situ observation of protein corona

formation under static and dynamic conditions. (a) Silica particles are immobilized in a 3D
microfluidic channel with a fluorescently labeled protein solution (HSA—Cy5) pumped through
the channel. (b) Protein corona formation is monitored under real-time conditions by CLSM. The
scale bar corresponds to all four images. (c) A 3D PDMS chip with a cross-shaped mixer geometry
is used to focus the silica particles in the central stream and surround the particles with a
fluorescently labeled protein solution. (d) Protein corona formation is monitored by 3D CLSM
images created by z-scans through the channel. Near the channel entrance, only fluorescence from
the protein solution is detected. As the solution flows toward the channel exit, the particles are

coated with the fluorescently labeled proteins and are therefore visible under CLSM.

Protein Incubation under Static Conditions. Measurements were performed under a constant

flow rate of 600 uL h™! with a protein concentration of 0.2 mg mL!. Figure 1 shows the

15



quantitative data obtained from the CLSM measurements. Figure la displays CLSM images
(representative for all measurements) captured at different incubation times. The fluorescence
intensity increased with increasing incubation times, indicating the formation of a protein corona.
Figure 1b confirms the increase in fluorescence intensity (/) and plateaus after 190 + 62 s (Table
1). We assume that the density of HSA—Cy5 adsorbed on the particle surface decreases as a
function of layer thickness (i.e. in going from the hard to the soft corona), meaning that the
possibility of fluorophore self-quenching is not expected to occur for the latter time series data.
To further analyze the data, linearization based on Equations S1-S3 was performed (Figure 1c).
The graphs show three different regimes, denoting three different phases of adsorption (“down
(PL,.q)-plateau (PZ,.q)—down (Psort)”). Within the first 39 + 6 s, protein adsorption occurs rapidly,
as is evident from the steep increase in fluorescence intensity (Figure 1b). Afterwards, over 46 +
20 s, the adsorption plateaued (Figure 1¢). From 90 s onward, protein adsorption continued again
until a final state of equilibrium was reached (Figure 1b). The third phase occurred after 85 + 26 s.

To quantify the data, we further calculate a characteristic time 7 for exponential growth from the
negative slopes m of the regression lines, as —m =% applies (Table 1). 7 is defined as the

characteristic time in which the intensity reaches 63% of its upper limit and is therefore linked to
adsorption rates (Equations S4-S13, Figure S3). Note that the applied fit model for linear
regression lines is not valid for non-transformed y values (that is plateaus) and was therefore not
performed. The plateau is indicated by the grey boxes in Figure 1¢ and Figure 1d. The first phase
(PL,.q) displayed the highest adsorption rates owing to strong particle-protein interactions. In the
last phase, which we refer to as the region where the “soft” protein corona forms, protein
adsorption was 3 times slower when compared with that in the initial phase (Pl,.4). We

hypothesize that proteins that make up “soft” protein corona are more loosely attached and form a
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protein “cloud”. Population—balance models, which state that protein—protein interactions are
weaker than protein—surface interactions, and therefore the adsorption rates slow down for
subsequent phases, are consistent with the observed three-fold decrease in protein adsorption.*®
However, this theory is in contrast with so-called cooperative effects,*” which claims that proteins

are more likely to adsorb if other proteins are (pre-)adsorbed.
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Figure 1. Kinetics of protein corona formation around silica particles for static particle conditions.
A constant flow rate of 600 pL h™! and a HSA-CyS5 concentration of 0.2 mg mL ! were used in all
experiments. (a) Representative raw data, obtained from 2D CLSM imaging, depicting changes in
fluorescence intensity of the particles as incubation proceeds. (b) Normalized particle fluorescence
intensity (/) as a function of incubation time (with background correction). The experiment was
carried out in triplicate (1, 2, 3). (c) Linearized plots of the data plotted in (b) with respective linear

fits (dashed lines). (d) Enlarged version of the linearized data, focusing mainly on the first two
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phases of adsorption (Pl,.4 and PZ.4). R? values, which indicate goodness-of-fit, and the
respective equations for the regression lines are summarized in Table S1 (Supporting information).

Full time data are shown in Figures S4 and S5 (Supporting information).

Table 1. Experimental Data for Bare Silica Particles Coated with HSA—Cy35, Obtained from Figure

1

Replicate Time span  Time span  Time span

no. BL 4 [5] P2 [s] Poott [5] el [s] Tsoft [S] Plateau [s]
1 46 60 5292 42 130 240
2 36 23 5340 61 145 120
3 35 54 5310 40 149 210
Average 39+6 46 £20 5314 £ 24 48 £12 141+ 10 190 + 62

The results summarized in Table 1 also show the reproducibility of the experimental approach
used. Both the time spans per phase and the calculated rates for active adsorption steps (P, 4 and
Psoft) were within the range of the measurement errors.

The adsorbed mass of HSA on silica was probed through optical waveguide lightmode
spectroscopy (OWLS). Though OWLS does not provide the resolution required to adequately
sample the transitions between Pp,.4 and P24, the method allows quantification of the adsorbed
mass of protein. A sample of pure HSA in DPBS buffer (1 mg mL™") was injected at a flow rate of
600 uL min™! onto a planar silica substrate, and the final adsorbed mass was calculated to be 1.65
+ 0.073 mg m~2 (Figure S6). Recent modelling of orientationally dependent HSA adsorption on

silica substrates has determined that the maximum monolayer coverage of irreversibly bound HSA

18



is 1.4 mg m2, depending on pH and ionic strength.*®#’ This maximum coverage is in reasonable
agreement with our calculated surface coverage (1.65 mg m™2). The difference in the protein
adsorbed amount could be indicative of the loosely associated soft corona. Furthermore, by
comparing the fluorescence of the HSA—Cy5-coated silica particles that have been purified (by
centrifugation and washing) to the standard fluorescence curve of bulk HAS—Cy5 (Figure S1), and
with knowledge of the concentration of particles, it is possible to derive the average protein coating
amount. Using this approach, we calculated a HSA-CyS5 surface coverage of 1.28 £+ 0.28 mg m2,
which is in close agreement with the OWLS data, where the difference between these values
possibly being due to the loosely associated proteins being removed through the washings steps.
Plotting the fluorescence data from Figure 1b against the OWLS data (Figure S6) demonstrates
linearity over the same adsorption time (Figure S7), showing consistency between the two
methods. The broad agreement of the data from these experiments suggests that the possibility of
fluorescence self-quenching between adjacent adsorbed proteins does not significantly affect our
results on the adsorption of HSA—CyS5 proteins on the microparticles.

To further understand the different binding forces, we monitored the time-evolution of
fluorescence intensity in a physiologically relevant solution (DPBS) (Figure 2) following

formation of the protein corona.
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Figure 2. Desorption study in DPBS and NaOH. (a) Normalized particle fluorescence intensity
plotted as a function of incubation time (with background corrections) with respective linear fits.
After protein corona formation (which occurred within 90 min), DPBS was pumped through the
channel for 300 s, followed by concentrated NaOH (17.6 M). (b) Representative raw data, obtained
from 2D CLSM imaging, depicting changes in fluorescence intensity of the particles as incubation
proceeds. R? values, which indicate goodness-of-fit, and the respective equations for the regression

lines are summarized in Table S2.

Protein desorption was induced by washing the particles with DPBS. The desorption profile is
shown in Figure 2. The steep decline within the first 13 s (crossover of the DPBS-related regression
lines (red)) represents desorption of reversibly bound proteins. Afterwards, protein desorption
slowed down and reached equilibrium (the fluorescence intensity decreased on average by ~10%

over 300 s). These results agree with our theory on the formation of a weakly bound protein layer
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(Psoft) and the presence of irreversibly bound proteins, which are kinetically subdivided into B4
and P2, .4 based on the different phases observed in Figure 1c. Note that the local maximum at
240 s is an artefact (Figure 2), as the fluorescence intensity of the particles was lower than the
background intensity. Over time, proteins desorbed from the particle surfaces; however, they
remained adsorbed onto the PDMS wall. This also explains the low R? value obtained for the
second phase (13-300 s) of DPBS incubation (Table S2). A final washing step was performed
using concentrated NaOH solution to confirm that irreversibly bound proteins remain adsorbed
under physiologically relevant conditions but desorb in a strong basic environment. As the
fluorescence intensity decreased to 15% of the initial intensity within the first second of the final
wash and became undetectable after 2 s, it was evident that strong alkaline conditions removed the
adsorbed proteins. Overlaid fluorescence and bright-field microscopy images confirmed that the
strong alkaline conditions did not dissolve the silica particles within the time period studied (Figure
S8).

Based on our data, we suggest a three-phase model comprising a first layer of tightly bound
proteins that interact directly with the particle surface and a second layer consisting of proteins
that interact mainly with pre-adsorbed proteins in the first layer. Both layers are irreversibly
attached (under physiologically relevant conditions) and therefore form part of what is currently
known as the “hard” protein corona.

Assignment of Pj,.q and PZ4 to the “hard” protein corona is based on our previous results
where the protein corona was studied using ex situ techniques.’® A three-phase protein corona has
also been proposed by Sakulkhu et al. by applying liquid chromatography mass spectrometry.'® In
that study, the protein corona, which was formed on superparamagnetic iron oxide nanoparticles,

was categorized according to its structure: soft, hard, and tightly bound, which is similar to a more
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recent study by Zhang et al., where a three-phase protein corona was observed on silica
nanoparticles.’® In that study, the three-phase corona was concluded from protein adsorption at
saturation (i.e., post-corona formation). In contrast to the three-layer system, other groups have
reported on a two-time-scale dynamic of protein corona formation: an initial strongly bound
monolayer and a subsequent weakly bound layer.!>?3-3?

To further observe protein corona formation at very small time scales (e.g. 0.5 s), we connected
the microfluidic set-up (equipped with a cross-shaped mixer channel design) to a high-speed
camera (Figure S9). This combination allowed us to gain insights about protein—particle
interactions on a millisecond time scale. The microfluidic set-up provides defined fluid flows and
accurate interfaces between two fluids, which help characterize protein corona formation.
Preliminary studies regarding visualization were carried out to confirm the effectiveness of this
set-up (Figure S10).

Protein Incubation under Dynamic Conditions. To study the time-resolved stability of
adsorbed proteins under flow, silica particles were precoated with CyS5-labeled albumin proteins
(red fluorescence). Protein corona formation was achieved by incubating the particles with HSA—
cyanine 3 (Cy3) (green fluorescence) under flow (Figure 3). Initial flow rates were set to 20,000 pL.
h™! to obtain controlled fluid flows and reduced to 500 pL h™! for imaging. We note that our set-
up does not account for incomplete mixing due to laminar flow along the channel; however, given
the relatively high concentration of labeled protein (0.2 mg mL™") and high initial flow rate, we

assume that laminar flow effects do not significantly affect our data.
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Figure 3. CLSM images of time-resolved protein corona formation. (a) In situ observation of
protein corona formation in a dynamic system. Fluorescently labeled silica particles (HSA—Cy5
coating, red) are injected into a MF channel. HSA—Cy3 solution (green) is injected into the side
channels at the same time. Near the channel entrance, only the HSA—Cy5 precoating is observed.
Toward the channel exit, the particles are additionally coated with HSA—Cy3 (green). Ex situ
particle characterization by CLSM: (b) HSA—Cy5-labeled particles prior to incubation. (c, d) Post-

incubation images.

Prior to injection, the particles exhibited red fluorescence only, owing to the HSA—CyS5 coating
(Figure 3b). After incubation, the particles were coated further with HSA—Cy3 (Figure 3c,d). The
same coating trend was observed in situ (Figure 3a). Near the channel entrance, only red
fluorescence (HSA—Cy5 precoating) was detected at the particle surfaces, whereas toward the
channel exit, two different protein layers were visible (initial HSA—Cy5 coating and secondary
HSA—-Cy3 coating). These qualitative results indicate that the adsorbed protein layers are stable,

and therefore do not desorb, in protein-rich environments. Furthermore, additional protein layers
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can adsorb, as indicated by the “layer” build-up. (Figure 3c,d). Quantitative results were obtained

from 2D images using the static set-up (Figure 4).
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Figure 4. Kinetics of protein corona formation around HSA—Cy5 precoated silica particles. A
constant flow rate of 600 uL h™! and an HSA—Cy3 concentration of 0.2 mg mL ™! were used. CLSM
images of a particle—protein suspension after incubation at different times with HSA—Cy3 captured
using (a) 638-nm and (b) 552-nm laser detection. (c) Quantitative data: normalized and
background-corrected particle fluorescence intensity plotted against time for both detection
channels (the red triangles represent data obtained using a 638-nm laser and green circles represent

data obtained using a 552-nm laser).

To distinguish between the initial HSA—Cy5 coating and protein corona formation during
incubation (HSA—Cy3), the fluorescence intensities of both protein solutions were detected
separately using both the 638-nm (red fluorescence) and 552-nm (green fluorescence) laser
channels. The red fluorescence intensity was constant throughout the 90-min incubation process
(Figure 4a,c). Note that the slight increase in normalized fluorescence intensity (from 0.8 to 1.0)
was due to the overlapping laser intensities (Figure 4c). These results show that a preformed

protein corona is stable in protein-rich environments. Incubation led to an increase in the green

24



fluorescence intensity, indicating that a second protein layer was adsorbed on top of the HSA—Cy5
layer (Figure 4b,c). Generally, the same kinetic features for protein adsorption as observed on bare
silica particles (Figure 1) were observed. Fluorescence intensity increased rapidly over the first ca.
40 s, plateaued for ca. 60 s, and increased again until a plateau was reached. These data confirm
the qualitative results from the dynamic measurements, that is “hard” protein corona proteins are
stable under physiologically relevant conditions and do not prevent the formation of a “second”
protein corona. The kinetics data, however, show that adsorption profiles are different when
compared with those of the bare silica particles (Table 1), indicating that surface chemistry
influences the time-evolution of protein corona formation. Furthermore, non-fluorescently labeled
HSA was found to only displace pre-adsorbed Cy5—HSA to a minor extent (Figure S11), indicating
that the pre-adsorbed protein corona cannot be significantly competitively displaced by other HSA
in solution.

Influence of Particle Surface Chemistry. To further analyze the influence of surface
chemistry, we compared bare silica particles with HSA- and zwitterionic polymer-coated silica
particles. Zwitterionic polymers are widely used as low-fouling coatings, as they can improve
bioavailability owing to their well-hydrated surface.’'>* A low-fouling coating with PMPC was
formed via SI-ATRP of MPC as the main zwitterionic monomer, and HEMA as an additional
monomer to obtain a hydroxyl functionality. Prior to polymerization, ATRP initiator groups were
attached to the silica surface (Scheme S1). For visualization of the particles by fluorescence
microscopy, we conjugated AF488-NHS to all of the HEMA repeating units in the polymer (Figure
S12). Protein coating was performed by immersing the silica particles in an HSA solution. Cy5-
Functionalized HSA was used instead of non-labeled HSA to fluorescently label the protein-coated

particles. Further characterization was conducted using thermogravimetric analysis (Figure S12).
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For all experiments, a constant flow rate of 600 pL h™' and a HSA-Cy5 concentration of
0.2 mg mL™! in DPBS were used. Figure 5 shows the quantitative data obtained (the respective
raw data for each particle system are displayed in Figure S13a). Note that the data for uncoated

silica particles are the same as the graph (replicate no. 2) in Figure 1.
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Figure 5. Kinetics of protein corona formation around silica particles with different surface
chemistries. (a) Background-corrected, normalized particle fluorescence intensity plotted against
incubation time for the bare silica particles, and PMPC- and HSA-coated silica particles (denoted
as Si, PMPC, and HSA, respectively). (b) Linearization of the data plotted in (a) with respective
linear fits. R? values, which indicate goodness-of-fit, and respective equations for the regression

lines are summarized in Table S3.

Similar trends for protein adsorption onto HSA-coated particles were observed as those
described for the bare silica particles (Figure 1, Table 1): (1) an increase of fluorescence intensity
(Figure 5a); (2) division into ‘“hard” and “soft” protein coronas according to the different
adsorption rates (Figure 5b, Table 2); and (3) active protein adsorption (P,.4) to form the “hard”
protein corona is 2.5 times faster than “soft” protein corona formation (Table 2). However, (2) and
(3) only apply for the HSA-coated and bare silica particles. The fluorescence intensity increased

rapidly over the first ca. 40 s for the protein-coated and bare silica particles (formation of B,.4).
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In comparison, the PMPC coating drastically changed the adsorption profile—no increase in
fluorescence intensity was detected for the polymer-functionalized particles in the initial stages of
incubation. These results suggest that only very few proteins are closely bound to the surface.
Specifically, a plateau was observed over the first 60 s of incubation, which we propose to be P24
(irreversibly bound proteins, however, not tightly attached to the surface). The 7 value confirmed
the assignment of this phase to P4, as the calculated adsorption rate was very high (2500 s).
These results confirm the low-fouling effect of zwitterionic polymers. Zwitterionic materials
prevent proteins from adsorbing by forming a tightly bound water layer around the polymer chains,
which acts as a physical and energetic barrier.>® Similar results were reported by Moyano et al. for
sulfobetaine-coated gold nanoparticles, where the absence of irreversibly bound proteins (“hard”

protein corona) was reported.>?

Table 2. Experimental Parameters for the Bare Silica, and PMPC- and HSA-Precoated Particles

Obtained from the Data Presented in Figure 5

. Time span  Time span  Time span Plateau
Coatin Tpq [S Tpsy [S T S
& Blals] Bl Panls) BT 2Bl T
None
(bare 36 23 5340 61 - 145 120
silica
particles)
PMPC - 60 5340 - 2500 110 300
HSA 44 46 5310 63 - 143 270

Influence of Protein Flow Rate. Another aspect of growing interest is the influence of flow on

protein corona formation.’®>® Qur system provides a dynamic environment and additionally
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allows variation of flow rates. It has been shown that protein corona composition is different for
static and dynamic incubation.*-’->° However, little is known about the influence of different flow
rates on the time-evolution of protein corona formation. Figure 6 shows the results from the MF-
CLSM measurements using bare silica particles and HSA-Cy5 as model systems, with applied

flow rates of 0, 600, and 1250 uL h™!.
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Figure 6. Kinetics of protein corona formation around silica particles at different flow rates. (a)
Background-corrected, normalized particle fluorescence intensity plotted against incubation time
at varying flow rates. (b) Linearization of the data plotted in (a) with respective linear fits. Raw
data are displayed in Figure S13b. R* values, which indicate goodness-of-fit, and respective

equations for the regression lines are summarized in Table S4.

For each flow rate studied, protein corona formation grew logarithmically (Figure 6a), showing
a steep increase in fluorescence intensity over the first ca. 35 s (Table 3) and the formation of a
stable plateau after ca. 60 s. The plateau P24, which indicates the transition between “hard” and
“soft” protein corona, is much less pronounced at very high (1250 pL h™') and “static” (0 uL h™")
flow rates when compared with that obtained at an intermediate flow rate (600 pL h™!, Figure 1
(graph replicate no. 2)). Generally, with increasing flow rates, the states of equilibrium, that is, the

final plateaus, were reached at later stages (Table 3). Furthermore, the active adsorption steps (zp1,
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Tsoft) Were slower when higher flow rates were applied. These results indicate that protein corona
formation occurs at a much slower rate when proteins rapidly flow past the particles (high flow
rates). When proteins adsorb onto a surface, they undergo three successive steps: (1) diffusion to

the surface; (2) attachment to the surface; and (3) relaxation to reach an equilibrium state.*

Table 3. Experimental Parameters for the Bare Silica Particles Incubated in HSA—Cy5 Using

Different Applied Flow Rates Obtained from the Data Presented in Figure 6

Flow rate Time span  Time span  Time span

MLh']  Blals]  Phgls]  Penls] S TerDl Plateauls)
ar ar §0
0 41 17 5342 32 112 151
600 36 23 5340 61 145 120
1250 29 13 5358 92 196 360

Influence of Protein Concentration. In addition to surface chemistry and flow rate, protein
concentration influences protein corona formation. Studies have shown that with increasing serum
concentrations, the adsorbed protein mass increases.’'*> However, a detailed understanding of the
full effects of protein concentration on the kinetics of protein corona formation on the surface of
spherical microparticles has yet to be established. Herein, we studied the influence of HSA-Cy5
concentration (0.1, 0.2, and 0.4 mg mL™") on the time-evolution of protein corona formation on
bare silica particles (Figure S14, Table S5). The three different phases of protein corona formation
were observed for each data set. However, there was no clear trend evident from varying the HSA—
Cy5 concentration (Table S6). This may suggest that a very small amount (<0.1 mg mL™") of
protein is sufficient to form a stable protein corona around microparticles. The highest protein

concentration studied (0.4 mg mL ™) resulted in low 7 values for the active adsorption steps (p1 =
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20 s, soft = 29 s), indicating very fast adsorption rates—also, a 14 s time span was obtained for
formation of the initial plateau. We hypothesize that, besides a lower limit, there might be an upper
limit of protein concentration that still allows the different phases to be distinguished.

The present technique is a versatile and accurate approach to study different aspects of protein
corona formation in situ. It provides important insights into the time-evolution of protein corona
formation and allows clear distinction between different protein layers. We showed the existence
of the “soft” protein corona, even for low-fouling materials, and examined the adsorption kinetics
for corona formation. The interaction of more complex mixtures with particles, such as multi-
protein systems with different fluorescent labels, is the subject of future investigations. The defined
incubation environment with controlled parameters (e.g., chip geometry, flow rate, incubation
time) may allow standardization of experiments, which would enable interlaboratory comparisons
of data, potentially leading to the prediction of protein corona formation.

CONCLUSIONS

In summary, we introduced the combination of CLSM with MF as a technique to study the time-
evolution of protein corona formation in situ. Linearization of the experimental data led to a
characteristic time that is directly related to adsorption rate. We suggested a three-phase model for
protein corona formation: a tightly, irreversibly bound layer of proteins that is directly adsorbed
onto the particle surface (phase 1), an intermediate layer wherein the proteins are not directly
attached to the surface, but still irreversibly bound and therefore belonging to the inner “hard”
protein corona (phase 2), and an outer protein layer, the “soft” protein corona, consisting of
reversibly bound proteins (phase 3). Measurements concerning the stability of a preformed protein
corona showed that pre-adsorbed proteins were stable under physiological conditions and, once

incubated in protein-containing solutions, formed a “second” protein corona. Furthermore, we
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showed that low-fouling zwitterionic surface coatings prevented the adsorption of tightly bound
proteins but formed a “soft” protein corona. A comparison of the effect of different flow rates
showed that higher flow rates led to slower adsorption kinetics, whereas protein concentrations
minimally influenced the adsorption rate. Additionally, we presented preliminary data of
microfluidics in combination with high-speed camera imaging. This set-up allowed detailed
insights on very small time scales (~0.5 s) of protein corona formation. Forthcoming studies will
focus on the combination of microfluidics with Raman spectroscopy to overcome limitations of
using fluorescently labeled protein solutions and therefore broaden the applicability range to non-
fluorescently labeled solutions. Using high-resolution microscopy may extend the applicability of
the present technique to smaller particles that are below the detection limit of standard confocal

laser scanning microscopes. However, a thinner chip design would be needed.
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