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Abstract

Nanoparticles used in biological settings are exposed to proteins that adsorb on the
surface forming a “protein corona.” These adsorbed proteins dictate the subsequent
cellular response. A major challenge has been predicting what proteins will adsorb on a
given nanoparticle surface. Instead, each new nanoparticle and nanoparticle modification
must be tested experimentally to determine what proteins adsorb on the surface. We
propose that any future predictive ability will depend on large data sets of protein-
nanoparticle interactions. As a first step towards this goal, we have developed an
automated workflow using a liquid handling robot to form and isolate protein coronas. As
this workflow depends on magnetic separation steps, we test the ability to embed
magnetic nanoparticles within a protein nanoparticle. These experiments demonstrate
that magnetic separation could be used for any type of nanoparticle in which a magnetic
core can be embedded. Higher-throughput corona characterization will also require lower
cost approaches to proteomics. We report a comparison of fast, low-cost, and standard,
slower, higher-cost, liquid chromatography coupled with mass spectrometry to identify the
protein corona. These methods will provide a step forward in the acquisition of the large
data sets necessary to predict nanoparticle-protein interactions.



Introduction

Nanoparticles (NPs) used in any “real world” application encounter a range of molecules
that will adsorb on the surface of the NP [1-10]. These adsorbed molecules, referred to
as a “corona,” determine how the NP functions in downstream applications. The majority
of studies in this area have focused on the protein corona that forms when NPs, often
developed for nanomedicine applications, interact with blood serum proteins. This protein
corona is responsible for subsequent NP-cell interactions including NP clearance from
circulation and accumulation in the liver and spleen [11-16]. More recently, the study of
biomolecular coronas has been expanded to include lipids and metabolites [17-19].
Beyond these nanomedicine applications, NPs used as anti-microbials, fertilizers,
pesticides, and agricultural sensors directly interact with the molecules found in water and

soil environments [20-26].

Currently lacking in this research area is the ability to predict what molecules will adsorb
on the surface of a NP. Instead, each new NP and surface modification requires an
experiment to identify the adsorbed proteins. These experiments consist of incubating
NPs and proteins to form a protein corona, removing unbound and weakly bound proteins
from the solution, and then carrying out proteomics to identify the adsorbed proteins. This
workflow has been described in detail recently [10]. Computational approaches have
made progress in terms of predicting the structure of individual proteins as they interact
with NP surfaces [27-40], but the ability to predict which protein within a protein mixture

will adsorb on the surface of specific NP is not yet possible.

The ability to predict what proteins will adsorb on the surface of NPs would have major
implications for the nanomedicine community by saving the time and money associated
with experiments. In addition, any methods developed for this community could be
extended to the environmental and other NP communities, facilitating work in these areas.
To be able to predict what proteins will adsorb on the surface of NPs, we need much
larger data sets than are typically used. Most research, including our own [41-44], has
tried to predict protein adsorption by working with groups of 2-5 NPs with, for example,

varied surface charge, but the small sample size has made it difficult to predict protein



adsorption. W.C.W Chan and co-workers synthesized and characterized a library of 105
gold NPs using 3 different gold cores (15 nm, 30 nm, 60 nm) and 67 different ligands
(small molecules, polymers, peptides, surfactants) [45]. This size of data set is ideal for
corona prediction, but this level of effort and the cost of proteomics for this many samples

is outside the scope of many labs.

We identified two steps in the protein corona experimental workflow where time and/or
costs could be reduced to enable higher-throughput, lower-cost, experiments that would
allow for the acquisition of larger data sets. The first is the use of an automated liquid
handling robot to form and isolate protein coronas. Using a relatively low-cost liquid
handler (~$5000 USD), this allows for a significant decrease in human experimental time.
The second area is proteomics cost, working with the proteomics core facility to identify
lower cost options that provide the necessary sensitivity for corona experiments.
Experimental methods and outcomes for each are described below with a comparison

between high-throughput and lower cost approaches with standard lab protocols.

We expect that these approaches can be used to generate large data sets that will be
essential to recent machine learning efforts in the protein corona community [46,47].
Robotics have been used previously for the automated synthesis of colloidal NPs [48].
Used in combination with the approaches described below, one could imagine a

completely automated workflow with embedded machine learning for optimization [49].

Materials and Methods

Nanoparticles (NPs)

Three types of NPs were used in the course of experiments. Magnetic NPs (magNPs,
200 nm, carboxylate-modified, #SC0202, Ocean NanoTech, San Diego, CA) were used
for automation experiments. Small magnetic NPs, referred to as iron oxide NPs (IONPs,
10 nm, methyl-modified, #/0-A10-5, Cytodiagnostics, Burlington, ON, Canada), were
used as core NPs in the protein NPs, described below. Polystyrene NPs (200 nm,

carboxylate-modified, #F8806, Life Technologies, Carlsbad, CA) were used for



proteomics experiments. The polystyrene NPs were chosen for proteomics as well-

characterized, well-behaved NPs, for testing new proteomics protocols [41,43,50-53].

Protein NP synthesis

Ovalbumin (OVA) NPs were prepared using a modified desolvation method [54,55]; 0.4
mL ethanol was added at a constant rate of 0.5 mL/min to 0.1 mL of 22 mg/mL OVA
(#A5503, Thermo Fisher Scientific, Waltham, MA) in phosphate buffered saline (PBS, pH
7.4) under constant stirring at 600 rpm. The protein NPs were collected by centrifugation
and resuspended by sonication in 0.5 mL PBS. 2.5 uL of a 50-fold dilution of
glutaraldehyde (#G7651, Thermo Fisher) was added to stabilize the protein NPs and
stirred for one hour at room temperature. The protein NPs were centrifuged at 14,000 xg
and resuspended in 0.750 mL PBS.

Iron oxide nanoparticle (IONP)-doped protein NP synthesis

OVA protein NPs loaded with IONPs were prepared following a similar desolvation
method. Methyl-functionalized IONP were sonicated and 10 yL of 5 mg/mL IONP were
added to 0.1 mL of 22 mg/mL OVA and stirred briefly. The ethanol desolvation and
glutaraldehyde crosslinking were performed exactly as described above for the undoped
protein NPs. IONP-protein NPs were collected by centrifugation at 18,000 xg,
resuspended in 0.5 mL PBS and separated using a neodymium magnet (#NB041, Applied
Magnets, Plano, TX).

NP characterization

Transmission electron microscopy (TEM) for magNP and polystyrene NP characterization
used a Tecnai G* TWIN (FEI, Hillsboro, OR) at the Shared Materials Instrumentation
Facility at Duke University. MagNP images were obtained at 160 kV with 25 kX
magnification and polystyrene NPs at 120 kV with 20 kX magnification. TEM for protein
NPs was carried out on a CX-100 (JEOL, Akishima, Japan) TEM, part of the core facilities
at the Georgia Institute of Technology. Protein NP images were obtained at 100 kV with
80 kX magnification. All samples were prepared by drop casting on 400 mesh copper

grids (#CF400-Cu, Electron Microscopy Sciences, Hatfield Township, PA) and dried at



room temperature. Protein NPs were also stained with 5 pL of 1% sodium
phosphotungstate (#496626, Thermo Fisher) solution and washed twice with Milli-Q
water. Particle diameters were measured with Imaged [56]. Average and standard

deviation are reported for all measurements.

Hydrodynamic diameter, polydispersity index, and zeta potential of the magNPs (400
pug/mL in water), polystyrene NPs (8 pM in water), and protein NPs (2.93 mg/mL in PBS
for size, 0.293 mg/mL in 10% PBS for zeta potential) were measured using dynamic light
scattering (DLS; Malvern Zetasizer, Nano-Z, Malvern Instruments, Worchestershire,
England). Measurements were carried out in triplicate with three distinct samples. Each
measurement consisted of 12 - 30 runs. Average and standard deviation are reported for
all measurements. Electrophoretic mobility was converted to a zeta potential using the

Smoluchowski approximation.

Liquid handling robot

A liquid handling robot (OT-2, Opentrons, Brooklyn, NY) with additional electromagnet
and temperature modules was used to automate protein corona formation and isolation.
Experimental protocols were written in python using Opentrons API v2.1. Pipette tips (20
ul, single and 300 pl, multi) and tipracks used were purchased from Opentrons to verify
compatibility and calibration. To run each protocol, the robot was calibrated in the x, y
and z directions, followed by calibrating the location of each piece of labware. The
locations of each reagent and sample were designated in the script and appropriately
positioned after the robot was calibrated. Labware not provided from Opentrons includes
a tube rack with base and a water trough. The tube rack and base were 3D printed (3 mm
polylactic acid, Ultimaker 2, Utlimaker, Geldermalsen, Netherlands) and the g-code was
prepared using Cura (v4.4.1, Ultimaker). The designs for the tube rack were published on

thingiverse by thehair.

Protein analysis
The protein corona was formed by incubating NPs, both magNPs and polystyrene NPs,
with 10% fetal bovine serum (FBS, #10437028, Thermo Fisher). For automation of



experiments, the protein concentration in each wash step was determined by absorbance
at 280 nm using a plate reader (SpectraMax iD3, Molecular Devices). UV transparent
plates were used for all experiments in order to measure absorption at 280 nm. In
practice, less expensive, non-transparent, plates could be used once the number of wash
steps had been determined. Absorbance at 280 nm was converted to protein
concentration using an extinction coefficient of 43,824 M-' cm-, the value for bovine
serum albumin. While FBS is a mixture of many different proteins, albumin is the most
abundant (55%). As a technical note, bicinchoninic (BCA) assays are not directly
compatible with the magNPs due to interaction of the copper reagent with the iron oxide
of the NPs [57,58]. Average and standard deviation are shown. P values were calculated

using a two-tailed Student's t-test.

Gel electrophoresis was used to image individual proteins present in the hard corona of
the magNPs. MagNPs with hard coronas (16 pL) were heated in loading buffer (Laemmli
loading buffer, #BP-110R, Boston BioProducts, Ashland, MA) for 5 min at 95 °C and then
loaded onto a gel (tris-glycine sodium dodecyl sulfate (SDS) gel, #4561093, Bio-Rad,
Hercules, CA) for SDS-polyacrylamide gel electrophoresis (PAGE; 230 V, 35 min). A 10
to 250 kDa molecular weight marker (Precision Plus Protein Dual Color Standards,
#1610374, Bio-Rad) was included. Gels were rinsed by microwaving in deionized water
(1 min heat, 1 min rocking at room temperature, replace water, x3) and then stained
(SimplyBlue Safe Stain, #.C6060, Thermo Fisher) by microwaving until near boiling (1
min) and then rocked for 5 min. The gel was rinsed in deionized water (10 min, rocking)
and NaCl solution (20% w/V, >5 minutes, rocking) and then imaged (PhotoDoc-It, Analytik
Jena, Jena, Germany). ImagedJ was used for densitometric analysis (Gel Analyzer) and
profile plots (Plot Profile) [56].

Proteomic analysis was carried out in the Proteomics and Metabolomics Core Facility,
part of the Duke Center for Genomics and Computational Biology. A protein corona was
formed on polystyrene NPs using previously published protocols [41,43,50-53]. A BCA
assay (#23250, Thermo Fisher) was used to determine protein concentration. The

protein-NP sample was processed by the Core Facility including in-solution trypsin digest



and addition of an internal standard of yeast alcohol dehydrogenase (#186002328,
Waters Corporation, Milford, MA) for quantification. This single sample was then
analyzed, in triplicate, using two different liquid chromatography (LC) instruments,
referred to as MicroFlow and NanoFlow for a total of 6 experiments. MicroFlow LC used
a 1 mm x 100 mm ultra-performance liquid chromatography (UPLC, M-Class, Waters
Corporation; 80 uL/min) column with a 17 minute total elution time. NanoFlow LC used a
75 um x 250 mm UPLC column (nanoAcquity, Waters Corporation; 400 nL/min) with a 60
minute total elution time. Both methods use an acetonitrile gradient (5-40%) with 0.1%
formic acid. Peptide fragments were analyzed using in-line tandem mass spectrometry
(Orbitrap Fusion Lumos, Thermo Fisher). Data was analyzed using Mascot (v. 2.5.1,
Matrix Science, Boston, MA) and Scaffold (v. 4.10.0, Proteome Software, Portland, OR).

A detailed description of the Core protocol is provided in Supporting Information.

Results and Discussion
NP Characterization

DLS (3 distinct samples) and TEM were used to characterize the NPs used for

experiments (Table 1 and Figure 1).

Table 1. Characterization of NPs.

NPs dn (nm) PDI ZP (mV) TEM (nm)
PSS 260£2  0.13%0.02 324 1292 49
HO Ao 948+1  020%0.01 3843 105273

polystyene NPS 30752 010002 -36+05 e
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Figure 1. TEM images of magnetic NPs. A. MagNPs used in automation experiments.
Scale bar is 200 nm. B. IONPs used as magnetic cores in protein NPs. Scale bar is 100
nm.

Carboxylate-modified polystyrene NPs, which are well-behaved NPs that have been
characterized extensively in the Payne Lab [41,43,50-53], were used for proteomics
experiments. A TEM image of the polystyrene NPs has been published previously along
with the DLS and TEM values (Table 1) [53].

Protein Corona Formation and Characterization

The use of a liquid handling robot is expected to increase throughput and reproducibility
in protein corona formation and characterization. Translating experiments done by a
person to the robot includes changing the separation steps used to remove unbound and
weakly bound proteins and isolate the hard corona. Our lab, and many others, uses
centrifugation to pellet the NPs and remove the supernatant. The NPs are then
resuspended in water or buffer and this step is repeated until no protein is detected in the
supernatant, typically measured by BCA assay. The protein that remains bound to the
NPs is defined as the hard corona. Moving samples to a centrifuge, even in a 96-well
format, is a bottleneck in the workflow. Instead, we use a magnetic base within the robot
frame to separate NPs from proteins using a similar washing process, but with a magnetic
pull down step in place of centrifugation. This does require using magNPs either as stand-

alone NPs or as a magnetic core embedded within an NP of interest, as described below.
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The protein corona was formed by incubating magNPs (3.2 g/L) with 10% FBS in PBS for
a total volume of 250 uL. FBS was chosen as the recommended protein nutrient source
for many cell lines, making these results immediately relevant to in vitro experiments. All
protocols described in this manuscript could also be used for human, or other, serums.
Experiments were carried out in 96-well plates working with 8 samples simultaneously.
Corona formation, resulting in protein-magNP complexes, was carried out at room
temperature for 30 minutes with automated mixing by pipetting up and down every 3
minutes during the 30 minute incubation. Removal of unbound and weakly bound
proteins, typically referred to as “washing” in the protein corona community, was carried
out using a magnetic base module to separate the protein-magNPs from the proteins in
solution. The washing process was initiated by engaging the magnetic base, removing
80% of the volume (200 pL) in each well and replacing it with an equal volume of PBS.
For each resuspension the solution was mixed by pipetting up and down (150 uL x3) by
the robot. For the first wash, we waited 10 min prior to removing solution to allow time for
pull down of the magNPs. Subsequent wash steps used 5 min incubations. The solution
that was removed at each wash step was saved for analysis to measure protein

concentration (Figure 2).

The goal of the wash process is to identify the wash step at which all unbound and weakly
bound protein has been removed, with only NP-bound protein remaining. The protein
concentration in each wash step was determined by absorbance at 280 nm using a plate
reader. Absorbance at 280 nm was converted to protein concentration (¢ = 43,824 M-
cm') using Beer's Law. After 4 washes, there is no statistical difference between the
subsequent wash solutions (Figure 2). The concentration of the magNPs is also
confirmed at this point, as it is possible to lose NPs during wash steps. We measure
magNP concentration by absorption at 330 nm and comparison to a calibration curve with
known concentrations. We observed a 4.2 + 2.4% (n=8) loss after 10 wash steps. After 5
wash steps, we used gel electrophoresis to characterize the proteins present in the hard
corona of the magNPs (Figure 3 and S1). Densitometric analysis of the two prominent

bands at ~70 kDa and ~125 kDa shows that these two bands have average intensities of
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3.0 £ 0.5 and 1.3 £ 0.3, respectively. While the standard deviation is relatively low, 17%

and 23%, respectively, future experiments will determine the source of this variability.
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Figure 2. Protein concentration (ug/ulL) measured at each wash step. n=8; ****p<0.0001,
**p<0.01, ns=non-significant.
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Figure 3. Gel electrophoresis of the hard corona adsorbed on magNPs. A profile plot of

each lane is shown in Fig. S1.

An immediate advantage of the use of the liquid handling robot is the time saved by the
human researcher. Preparing the robot for a run includes placement of labware and
calibration of tips, which takes ~3 minutes of human time. To complete the 5 wash steps
to isolate a hard corona requires 66 minutes of robot time, which includes protein-NP
incubation, pipetting to mix wells, pull downs, and transferring samples between wells. In
comparison, we estimate that preparing 8 samples by hand, working with a multi-channel
pipettor and centrifugation, would require 30 minutes of active human time and 75
minutes of waiting (30 min incubation, 15 minute centrifugation x3). Using magnetic pull
down instead of centrifugation would decrease waiting times, but does not change the

time necessary for a human to mix and transfer samples.

Protein NPs with Magnetic Cores

Although this automated workflow does require magnetic NPs, magnetic NPs can be
modified to vary surface properties or can be embedded within another material. Surface
properties, rather than the composition of the NP core, control protein corona formation

12



[44,45,59]. For example, our previous work compared the corona-mediated cellular
response to iron oxide and polystyrene NPs functionalized with the same carboxymethyl
dextran ligand and found that the ligand, rather than the NP core, was the key feature
[44]. To demonstrate that magnetic NPs could be embedded within another material, we
fabricated OVA protein NPs by desolvation with and without magnetic iron oxide NPs
(IONPs) embedded inside. OVA NPs were chosen since these are model vaccine
nanoparticles. This platform is highly tunable and has been used for a variety of proteins,

such as influenza antigens [55,60,61].

IONPs, ~20x smaller than the protein NPs, were selected so they would be trapped within
the protein NPs instead of simply adsorbing the OVA proteins on their surface. For
sufficient magnetic strength, multiple IONPs need to be embedded in each NP. IONPs
were incorporated within OVA NPs, as indicated by TEM (Figure 4). The IONPs appeared

to be clustered within the NP.

| 3
Figure 4. TEM image of OVA-IONPs containing clusters of 10 nm IONPs (white ovals).
Scale bar 400 nm.

Statistical analysis of DLS and zeta potential measurements indicated that there was no
difference in OVA NP size and surface charge with the embedded IONPs (Table 2, Figure

13



S2 and S3). The hydrodynamic diameters for OVA and IONP-OVA NPs were 274 + 16
and 251 + 27 nm, respectively (p =0.5363). Zeta potentials were -27 + 2 mV and -26 * 1
mV, respectively (p = 0.8955). In comparison, the IONPs had a hydrodynamic diameter
of 9.48 £ 0.80 nm and a zeta potential of -38.3 + 3.0 mV (Table 1). The IONP-OVA NPs
were easily separated from solution with a small magnet, indicating they can be used in
the same high-throughput protein corona workflow. All characterization of IONP-OVA NPs

was performed after magnetic separation and resuspension.

Table 2. Characterization of protein NPs.

NPs dn (nm) PDI ZP (mV)
OVA NP 274 + 16 0.31£0.05 27 +2
IONP-OVA NP 251 + 27 0.22 +0.06 26 + 1

Low Cost Proteomic Analysis of the Protein Corona

Duke’s Proteomics Core Facility, and likely that of other core facilities, uses the time
necessary for an experiment to set the cost for staff support and reagents. This means
that faster experiments lead to lower user fees. In the case of the liquid chromatography
(LC) and mass spectrometry (MS) used for protein corona analysis (LC-MS/MS), the use
of high flow LC systems (MicroFlow) can decrease the time, and price, of the experiments
by a factor of 2 compared to NanoFlow LC, which is the standard method in our Core.
The subsequent mass spectrometry is identical for both separation methods. Our analysis
of the corona formed on polystyrene NPs using both LC systems, with identical samples,
showed that of the 25 most abundant proteins identified in the corona, 23 were identified

using both LC methods.

The most abundant protein identified by both LC methods was complement C3. Despite
being the most abundant protein in serum, serum albumin was only the 14" most
abundant protein adsorbed on the surface of the polystyrene NPs. This result, with
complement C3 dominating the corona, is similar to previous proteomics analysis of

nearly identical carboxylate-modified polystyrene NPs (200 nm) carried out in 2015 [50],
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which differed only in the fluorophore. Previous results also showed that the corona
increases the hydrodynamic diameter of carboxylate-modified polystyrene NPs and
decreases the zeta potential, reflecting the charge of the adsorbed protein [41]. The
relative enrichment of complement C3 and depletion of albumin in the corona has also
been observed by our lab with titanium dioxide NPs [50], and by others working with gold
nanoparticles [45], iron oxide nanoparticles [62], and iron oxide nanoworms [63]. While
this observation points towards the importance of complement C3 as an immune protein

recognizing an invader, the underlying biophysical mechanism has not been determined.

The list of top-25 proteins identified with MicroFlow was used to generate a histogram of
MicroFlow and NanoFlow results ordered by total spectral counts (Figure 5). The
histogram shows the average and standard deviation of 3 repeats on a single sample.
The four proteins that differed between MicroFlow and NanoFlow were both identified by
the other method, but were not within the top-25 most abundant proteins. For example,
carboxypeptidase B2 and alpha-2-HS-glycoprotein were the 23" and 25" most abundant
proteins identified by MicroFlow and the 27" and 28" most abundant identified by
NanoFlow. The proteomics data have been deposited to the ProteomeXchange

Consortium via the PRIDE partner repository with the dataset identifier PXD01911 [64].
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Figure 5. Comparison of total spectral counts obtained with low-cost MicroFlow LC
(white) and standard NanoFlow LC (gray). The same biological sample was used for each
LC method. The mean and standard deviation are shown for n=3 technical replicates.
The complete data sets have been uploaded to the ProteomeXchange with the identifier
PXD019118.

The downside of the faster flow system is the need for larger amounts of sample and
identification of fewer proteins. Our proteomics core facility, and likely others, requests 5
ug of protein/sample for NanoFlow compared to 20 ug of protein/sample for MicroFlow.
The slower flow rate of NanoFlow LC does mean that more proteins will be identified. For
the polystyrene NPs, MicroFlow LC identified an average of 87 proteins, compared to 137
with standard NanoFlow LC. The 50 proteins that were not detected with MicroFlow LC
had relatively low spectral counts. For example, NanoFlow LC results in 196 total spectral
counts for complement C3, the most abundant protein identified in the polystyrene NP
hard corona, and 32 spectral counts for serum albumin. Ezrin, with 7.3 spectral counts,
was the most abundant protein identified by NanoFlow that was not observed with
MicroFlow. In our previous work with albumin and plasminogen, we observed that the

most abundant proteins dominate the cellular interaction [41,44,52].

In conclusion, the ability to predict what proteins will be present in the corona of a given
NP would save considerable time and money. The first step towards this goal is obtaining
significantly larger data sets, which will require automation. We report the use of a liquid
handling robot to form and isolate the protein corona (Figure 2 and 3). Protein NPs with
embedded magnetic cores demonstrate that this automated workflow can be extended to
other NPs (Figure 4 and Table 2). With the large data sets, there is still the challenge of
the cost associated with proteomic analysis. To address that, we compared two LC
separation methods. The faster speed of MicroFlow LC translates to lower cost, while still
successfully identifying abundant corona proteins (Figure 5). We hope this work will aid

other researchers in the acquisition of large protein corona data sets.
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