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ABSTRACT Nanoparticles used in cellular applications encounter free serum proteins that adsorb onto the surface of the
nanoparticle, forming a protein corona. This protein layer controls the interaction of nanoparticles with cells. For nanomedicine
applications, it is important to consider how intravenous injection and the subsequent shear flow will affect the protein corona.
Our goal was to determine if shear flow changed the composition of the protein corona and if these changes affected cellular
binding. Colorimetric assays of protein concentration and gel electrophoresis demonstrate that polystyrene nanoparticles sub-
jected to flow have a greater concentration of serum proteins adsorbed on the surface, especially plasminogen. Plasminogen, in
the absence of nanoparticles, undergoes changes in structure in response to flow, characterized by fluorescence and circular
dichroism spectroscopy. The protein-nanoparticle complexes formed from fetal bovine serum after flow had decreased cellular
binding, as measured with flow cytometry. In addition to the relevance for nanomedicine, these results also highlight the tech-
nical challenges of protein corona studies. The composition of the protein corona was highly dependent on the initial mixing step:
rocking, vortexing, or flow. Overall, these results reaffirm the importance of the protein corona in nanoparticle-cell interactions

and point toward the challenges of predicting corona composition based on nanoparticle properties.

INTRODUCTION

Nanomedicine offers the promise of treating human disease
with nanoparticles (NPs) that significantly enhance the
function of conventional molecular-scale drugs (1). Nano-
medicines have the ability to target a specific subpopulation
of cells and then release a drug or combination of drugs now
localized at these specific cells. Despite intense research in
this area, very few NPs have been translated to the clinic. A
recent analysis of the literature suggests one reason for the
lack of success in the field of cancer nanomedicines, esti-
mating that only 0.7% of injected NPs reach tumors,
whereas the vast majority of NPs instead accumulate in
the liver and spleen (2). Although 0.7% may be an underes-
timate, it does highlight the significant challenges facing the
advancement of nanomedicine. Successful NP tumor target-
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ing, both passive and active, requires the NPs to stay in
circulation long enough to reach and accumulate at the tu-
mors. In comparison, most NPs are rapidly cleared from
the bloodstream, accumulating in the liver and spleen after
recognition by the reticuloendothelial system. By being
cleared to the liver, the NPs lack the circulation time neces-
sary to reach their target. Non-tumor-targeting applications,
such as cardiovascular disease, have similar clearance
challenges.

Many nanomedicines will be delivered intravenously, sub-
jecting them to the forces associated with blood flow. The
flow rates of the circulatory system range from relatively
slow speeds in capillaries (0.085 cm/s) to rapid flow in the
arteries (~10 cm/s) with peak velocities of ~60 cm/s in
the aorta (3—5). The subsequent interaction of the immune
system with NPs is mediated by a layer of blood serum pro-
teins that adsorb on the NP surface during circulation. This
opsonization, resulting in a “corona” of proteins on the NP
surface (6-15), can be decreased by PEGylation, but com-
plete inhibition remains a challenge (16-22). The protein
corona, described as either a “hard” corona of tightly bound
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proteins or a “soft” corona of dynamic, weakly bound pro-
teins (23-26), has been studied extensively as a function of
NP diameter, composition, and surface functionalization
(6-14). With few exceptions (27-31), previous studies
have mostly ignored the effect of circulatory shear flow on
the composition and structure of the protein corona. This
previous work has found that NPs subjected to flow, both
gold NPs (13 nm, PEGylated or functionalized with tannic
acid) and lipid NPs (140 nm, unmodified and PEGylated),
had greater amounts of protein adsorbed on the NP surface
(27,29). Interestingly, a much wider variety of proteins
were identified in the coronas of the PEGylated liposomes
after flow in comparison to those in static conditions. 207
distinct proteins were found in the corona formed under
flow compared to 118 proteins under static conditions,
with 108 proteins common to both coronas (31).

Our goal was to use a well-controlled model system of
polystyrene NPs under physiologically relevant flow rates
to determine how flow affected both the protein corona
and the subsequent cellular binding of the protein-NP com-
plexes. NPs, in a solution of blood serum proteins, were sub-
jected to flow with flow rates chosen to mimic capillaries
(0.085 cm/s), veins (0.85 cm/s), and arteries (8.5 cm/s)
(3-5). The resulting protein corona was identified with gel
electrophoresis and western blotting. We find that the total
amount of protein is increased on the surface of NPs that
are subjected to flow. Of specific interest is plasminogen,
which is enriched on the NP surface in comparison with
other serum proteins. Fluorescence and circular dichroism
(CD) spectroscopy were used to probe structural changes
of plasminogen in the absence of NPs, suggesting a partial
denaturation under flow. In addition, protein-NP complexes
formed from serum proteins subjected to flow show a slight
decrease in cellular binding compared to protein-NP com-
plexes formed under static conditions. These results suggest
that flow is a parameter that should be examined in future
corona studies and may guide the design of nanomedicines
with improved circulation and targeting capabilities.

MATERIALS AND METHODS
NPs and characterization

Carboxylate-modified polystyrene NPs (“orange,” #F8809, 200 nm, Excite:
540 nm/Emit: 560 nm, & = 1.80 x 10° M~' cm™") (Thermo Fisher Scien-
tific, Carlsbad, CA) were used for all experiments in the main text. A
comparison with similar carboxylate-modified polystyrene NPs (“yellow-
green,” #F8811, 200 nm, Excite: 505 nm/Emit: 515 nm; Thermo Fisher
Scientific) is discussed in the Supporting Material. NP molar concentrations
were calculated based on the number of NPs per milliliter (N, Eq. 1 pro-
vided by the supplier), specifically defined as follows:

12
N = (6xS) x 10 0

mxPsxd®’

with S = percent solids (w/w, provided by supplier, 2% = 0.02 g/mL), Ps =
density of polymer (1.05 g/mL), and d = average NP diameter (0.20 um).
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This number of NPs per mL (N) is converted to a molar concentration using
Avogadro’s number.

Dynamic light scattering (DynaPro NanoStar; Wyatt Technology,
Santa Barbara, CA) was used to measure the diameter and polydispersity
index (PDI) of the NPs in water (Table 1) (32,33). Zeta potential (ZP)
(Table 1) was measured using a Malvern Zetasizer (Nano-Z; Malvern In-
struments, Worchestershire, England) (33). Electrophoretic mobility was
converted to a ZP using the Smoluchowski approximation. For dynamic
light scattering and ZP experiments, an NP concentration of 8 pM was
used. Each measurement consisted of 30 runs and was carried out in trip-
licate with three distinct solutions. For protein corona characterization
(flow and static) and western blots, an NP concentration of 20 pM was
used. Transmission electron microscopy (TEM) measurements were per-
formed using a JEOL 100 CX II TEM at the Center for Nanostructure
Characterization, part of the Materials Characterization Facility at the
Institute for Materials at Georgia Tech (Atlanta, GA). Images were
obtained at 100 kV with 200 kX magnification. NPs (20 pM) were
drop-cast on carbon-coated copper grids and dried at room temperature.
Samples were imaged using a charge-coupled device camera (Finger
Lakes Instruments, Lima, NY) with Maxim software (Scientific Instru-
ments and Applications, Duluth, GA). Averages and SDs are reported
for all measurements.

Cell culture

HeLa cervical carcinoma cells (CCL-2) (American Type Culture Collec-
tion, Manassas, VA) were cultured in minimal essential medium (MEM)
(#61100) (Thermo Fisher Scientific) supplemented with 10% fetal bovine
serum (FBS) (#10437-028) (Life Technologies, Carlsbad, CA) at 37°C
and 5% carbon dioxide. Cells were passaged every 3—4 days.

Protein corona formation and characterization

To obtain a protein corona under static conditions, NPs (20 pM) were
combined with FBS (#10437-028) (Life Technologies) for a final FBS
concentration of 10% v/v in water with 3 mL total volume. The NPs
and FBS were briefly vortexed (~5 s) and then incubated for 30 min at
room temperature with no additional mixing. The protein corona formed
under flow was investigated at the same NP and FBS concentrations used
in the static condition with flow rates controlled by peristaltic pumps with
polyvinyl chloride (PVC) tubing (Fig. 1). As with the static experiments,
NPs (20 pM) and FBS (10% in water, 3 mL total volume) were
briefly vortexed. This mixture was pumped into the tubing of the peri-
staltic pump, which was then connected to the other end of the tubing
with a plastic tube connector (#5463K36 or #5463K38, noted below)
(McMaster-Carr, Douglasville, GA). To cover the range of flow rates,
two different pumps were used. For faster flow rates (0.42, 0.85, 8.5,
and 42.5 cm/s), a Harvard Apparatus peristaltic pump was used
(#55-7777, “Pump 1”) (Harvard Apparatus, Holliston, MA) with PVC
tubing (1/8” inner diameter (ID), 1/4” outer diameter (OD), #5155T17)
(McMaster-Carr) and a plastic tube connector (#5463K38) (McMaster-
Carr). Slower flow rates (0.0085, 0.042, and 0.085 cm/s) used a second
peristaltic pump (#724048, “Pump 2”) (Harvard Apparatus) and PVC
tubing (1/16” ID, 1/18” OD, #5155T12) (McMaster-Carr) with a plastic
tube connector (#5463K36) (McMaster-Carr). The following assumptions
were made regarding this flow system: 1) the protein-NP mixture is a
Newtonian, incompressible fluid, and 2) the flow through the tubing is

TABLE 1 NP Characterization
NPs dy, (nm) PDI ZP (mV) TEM (nm)
#F8809 275 £ 11 0.06 £ 0.002 —-31 =5 200 = 10,

(Lot: #1835801) n =50




Vortex
Ssec

NPs (20 pM) in FBS (10% in H,0) 1
3 mL total volume

Pump Loading Flow
30 min

laminar. Based on these assumptions, we calculate volumetric flow speed,
as shown in Eq. 2:

4xQ
= = 2
' 7 x (ID)*’ @

where v is the speed, Q is the volumetric flow set by the pump, and ID is the
inner diameter of the tubing. The 3 mL NP-protein mixture, approximately
the volume of the tubing, was pumped through the circle of tubing (~1 ft)
for 30 min at room temperature.

Protein concentration was determined using a bicinchoninic acid (BCA)
assay (#23227) (Thermo Fisher Scientific). For BCA assays, unbound and
weakly bound soft-corona proteins were removed from the protein-NP
mixture by centrifugation (8000 rcf, 15 min, x3), and the assay was per-
formed using the resuspended protein-NP pellet. The relative abundance
of specific corona proteins was analyzed with gel electrophoresis. A deter-
gent, sodium dodecyl sulfate (SDS) (Laemmli loading buffer, #BP-110R)
(Boston BioProducts, Ashland, MA) (5 min, vortexing), was used to
remove the hard corona from the NPs before loading on the gel. Protein
samples (20 ng) were heated for 5 min at 100°C and then loaded onto a
gel (tris-glycine SDS gel, #456-1094) (Bio-Rad, Hercules, CA) for sodium
dodecyl sulfate polyacrylamide gel electrophoresis (230 V, 35 min). A
10-190 kDa molecular weight marker (ProSieve Color Protein Marker,
#50550) (Lonza, Rockland, ME) was included. Gels were stained for 1 h
(SimplyBlue Safe Stain, #L.C6060) (Thermo Fisher Scientific) and then
imaged with an Odyssey Imager (LI-COR Biosciences, Lincoln, NE).
Densitometric analysis (Image J; http://rsb.info.nih.gov/ij/) was used to
measure any changes in protein concentration. Gel electrophoresis was car-
ried out for both equal total protein concentration, as determined by BCA,
and equal NP concentrations. To match NP concentrations, NP absorption
at 541 nm was measured with an ultraviolet (UV)-visible spectrophotom-
eter (DU 800) (Beckman Coulter, Brea, CA).

Initial identification of hard corona proteins was based on molecular
weight, as determined with gel electrophoresis. Western blotting was
used to confirm that the identity of the ~88 kDa protein was plasminogen.
Gel electrophoresis was carried out as described above and then transferred
to a polyvinylidene difluoride membrane (100 V, 45 min). The membrane
was blocked (#MB-070) (Rockland Immunochemicals, Pottstown, PA)
for 1 h at 4°C. The primary antibody, antiplasminogen (1:5000,
ab154560) (Abcam, Cambridge, MA), was added and incubated overnight
at 4°C in blocking buffer. The membrane was washed with tris-buffered sa-
line (TBS)-Tween (three times, 10 min). Secondary antibody was incubated
for 1 h at 4°C in blocking buffer (1:10,000, #926-6802) (LI-COR Biosci-
ences). The membrane was washed twice with TBS-Tween for 10 min
and then once with TBS. Blots were imaged with an Odyssey Imager
(LI-COR Biosciences).

Fluorescence spectroscopy

The fluorescence emission spectrum of human plasminogen was recorded
before and after flow. Measurements were made using a 3-mm path-length
quartz cell (105.254-QS) (Hellma, Miillheim, Germany). An aqueous solu-
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Flow speed:
Pump 1: 0.42 - 42.5 cm/s
Pump 2: 0.0085 - 0.085 cm/s

FIGURE 1 Pump system for protein corona for-
mation under flow conditions. To see this figure
in color, go online.

Tubing Length/ID:
Pump 1: 45.2 cm/0.32 cm
Pump 2: 182.88 ¢cm/0.16 cm

tion of plasminogen (5 uM, ab92924) (Abcam) was prepared, and fluores-
cence was measured at room temperature (Excite: 280 nm, RF-5301PC
Fluorometer) (Shimadzu, Kyoto, Japan). The fluorescence of plasminogen
after flow (0.85 and 8.5 cm/s, 30 min) was measured under the same
conditions.

CD spectroscopy

CD spectra (J-810) (Jasco, Oklahoma City, OK) were acquired using a 0.1-
and 0.5-mm path-length quartz cell (20/0-Q-0.5) (Starna, Atascadero, CA)
for plasminogen and bovine serum albumin (BSA), respectively. The band-
width was set to 2 nm, and the integration time was a function of the photo-
multiplier tube voltage. Samples were measured in water at 20°C with
water used as a blank. Plasminogen (0.099 mg mL~') and BSA
(0.3 mg mL™") were measured with flow (8.5 cm/s, 30 min) and without
flow. All measurements were carried out in triplicate. Spectra were
smoothed with a Savitzky-Golay least-squares fit (digital filter = 10).
Spectra are an average of three consecutive scans.

Flow cytometry

Cellular binding of NPs was measured using flow cytometry (Accuri C6)
(Becton Dickinson, Franklin Lakes, NJ). Cells were cultured in 25 cm?
flasks to 100% confluency. Before the addition of NPs, the cells were
washed three times with phosphate-buffered saline (PBS). Cells were incu-
bated with NPs (20 pM) at 4°C for 20 min in MEM supplemented with 10%
FBS after flow (8.5 cm/s). As a control experiment, cells were incubated
with NPs (20 pM) at 4°C for 20 min in MEM supplemented with 10%
FBS that was not subjected to flow. Cells were washed three times with
PBS to remove excess NPs. Accutase (A6964) (Sigma-Aldrich, St. Louis,
MO) was used to remove the cells from the surface of the culture flasks.
After removal, the cell suspension was distributed into 1 mL aliquots and
pelleted down (7000 rcf, 10 min, room temperature) to remove Accutase
and cell culture medium. The cell pellet was resuspended in PBS
and filtered with a cell strainer (SK-06336-63) (Cole-Parmer, Vernon
Hills, IL) for flow cytometry. A 488 nm laser was used to excite the NP fluo-
rescence, and fluorescence emission was collected on a 530/30 nm band-
pass filter. For each experiment, 15,000 cells in the population of live
cells, determined with a propidium iodide assay (2 ug propidium iodide/mL
PBS, FL-2 filter), were sampled. Histograms were analyzed using Becton
Dickinson C6 software 1.0.264.21. The percent change of the mean inten-
sity of the population was used to measure the change in NP binding.
Significance was determined by a two-tailed Student’s #-test. Error bars
denote = SD for n = 3 distinct samples.

RESULTS AND DISCUSSION
NP characterization

The carboxylate-modified polystyrene NPs used in these ex-
periments were used as provided by the supplier with no
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additional modification. To ensure that the NPs met specifi-
cations, they were characterized by hydrodynamic diameter
(dp), PDI, ZP, and TEM (Fig. S1; Table 1).

Concentration of corona proteins changes in
response to flow

Polystyrene NPs (20 pM, 200 nm, carboxylate-modified)
and 10% FBS were subjected to continuous flow (0.008—
8.5 cm/s) through a peristaltic pump for 30 min at room tem-
perature. After 30 min, soft corona proteins were removed
from the polystyrene NPs using a series of centrifugation
and resuspension steps previously optimized in the Payne
Laboratory (34). A detergent (SDS) was then used to re-
move the tightly bound hard corona from the NPs before
gel electrophoresis. The hard corona formed under flow,
analyzed by BCA assay and gel electrophoresis (Fig. 2),
was compared to conventional corona experiments in which
the NPs and serum proteins are mixed by briefly vortexing
(~5 s) and then incubated for 30 min. Of specific interest
were three flow rates that were representative of capillaries
(0.085 cm/s), veins (0.85 cm/s), and arteries (8.5 cm/s)
(3-5).

A BCA assay showed an increase in the concentration
of hard corona proteins on the NP surface for NPs subjected
to flow with significant changes detected at flow
rates >0.42 cm/s (by BCA: 142% =+ 7% at 0.85 cm/s
and 197% = 5% at 8.5 cm/s; static = 100%, n = 4, NP con-
centrations are held constant). No changes in protein con-
centration were observed at 0.085 cm/s, and subsequent
experiments focused on higher speeds. Multiple hard corona
proteins were observed by gel electrophoresis (Fig. 2 A,
loaded with equal concentrations of protein). Based on
molecular weight and previous proteomics analysis of the
coronas of identical NPs (33), two bands of the hard corona
could be identified: plasminogen (88 kDa) and serum albu-
min (66 kDa). Based on previous proteomics analysis, anti-
thrombin and assorted complement proteins with their
cleavage products are also present in the hard corona but

are more difficult to identify based on molecular weight.
Gelsolin (86 kDa) was also identified in the hard corona
based on proteomics. A western blot was used to confirm
the plasminogen assignment (Fig. S2 A). Densitometric
analysis (ImageJ) showed that the concentration of plasmin-
ogen in the corona increased under flow (Fig. 2 B; Table 2)
with relative values of 144 = 6 and 175 £ 5% at 0.85 and
8.5 cm/s (both n = 7, defined as 100% for static samples,
average and SD reported), respectively. In comparison, the
concentration of albumin was identical under static and
flow conditions (static = 100%, 101 = 2 and 104 = 3%
at 0.85 and 8.5 cm/s, respectively, both n = 7; Table 2).
Unidentified protein bands at ~125 and 180 kDa showed
small increases in response to flow (180 kDa = 111 * 4
and 116 = 7% at 0.85 and 8.5 cm/s, both n = 7;
125 kDa = 111 *= 3 and 122 *= 6% at 0.85 and 8.5 cm/s,
both n = 7; Table 2). Similar results were obtained when
gels were loaded with matched NP concentrations (Fig. S2
B) rather than matched protein concentrations (Fig. 2 A).
A series of control experiments were carried out to ensure
that these results were independent of the specific pump
used (Fig. S3 A; Table S1) or lot of FBS (Fig. S3 B;
Table S2).

For comparison, experiments were carried out with a
corona formed by incubation on a platform rocker
(30 min, room temperature, speed = 7 rpm) and on a vor-
texer (30 min). A corona formed after incubation on the
platform rocker was similar to that formed under static con-
ditions (Fig. S2 C), whereas the corona formed with con-
stant vortexing was similar to that formed with 0.85 cm/s
flow (Fig. S2 C), with an increased concentration of plas-
minogen detected by gel electrophoresis (155% =+ 2%,
n = 3). In addition, we examined the effect of precoating
the NPs with a protein corona before flow. Previous work
with silica NPs (90 nm, carboxylate-modified) and gold
NPs (10 nm, citrate-modified) has shown that precoating
NPs alters the ultimate corona composition (28,35). Prein-
cubation of NPs with FBS (20 pM NPs, 10% FBS,
30 min, static) followed by flow for 30 min (0.85 and

FIGURE 2 Hard corona proteins isolated from
the surface of 200 nm polystyrene NPs as a function
of flow rate. (A) The relative concentrations of indi-

—'1— vidual proteins were measured with gel electropho-

resis. Values were normalized against conventional
experiments (static). A representative gel is shown
with densitometric analysis in Table 2. (B) Densito-
metric analysis of the band at 88 kDa (plasminogen,
western blot shown in Fig. S2 A) as a function of
flow rate is shown. n = 7 at each speed. Fig. 2 A
shows a gel loaded with equal concentrations of
protein. Similar results were obtained when gels
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@ (Fig. S2 B). Results for precoated NPs were ob-
tained after 30 min flow at 8.5 cm/s. **p < 0.01,
*##%p < 0.001, and samples with p-values not
shown had nonsignificant differences.
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TABLE 2 Percent Change of Observed Corona Proteins as
Function of Flow Speed

Speed (cm/s) Plasminogen (%) BSA (%)

101 =2
104 = 3

125 kDa (%) 180 kDa (%)

111 =3 111 = 4
122 £ 6 116 £ 7

0.85 144 = 6
8.5 175 £ 5

=+
=+

8.5 cm/s) resulted in no change in plasminogen concentra-
tion (Figs. 2 B and S2 D). Although precoating NPs with
serum proteins could be used in nanomedicine applications
to prevent flow-dependent changes in protein corona,
possibly taking advantage of the corona (36), it is worth-
while to explore the underlying reasons for flow-dependent
changes in plasminogen concentration.

Previous research examined changes in the protein corona
for 13 nm gold NPs modified with polyethylene glycol or
tannic acid in response to flow at 0.5 cm/s for 24 h (27).
Although specific corona proteins were not identified, this
previous research also detected an increase in protein
concentration, measured with gel electrophoresis and a
colorimetric protein assay, for both NP-surface modifica-
tions. Similarly, 140 nm lipid NPs, both unmodified and
PEGylated, were found to have increased protein coronas
after flow at 50 cm/s for 90 min (29). For these lipid NPs,
proteins in the corona were identified by mass spectrometry.
Plasminogen was not found, but this likely reflects the dif-
ference in the NP composition.

Plasminogen structure is altered in response to
flow

The observation that plasminogen was enriched on NPs
subjected to flow points toward possible changes in pro-

Protein Corona in Response to Flow

tein structure under flow. To test this possibility, we
used two complementary spectroscopic methods, fluores-
cence and CD, to probe protein structure in response to
flow. These spectroscopic experiments were carried out
in the absence of NPs. Serum albumin, which showed
no change in corona concentration in response to flow
(Fig. 2), was used for comparison. Fluorescence spectros-
copy makes use of the endogenous fluorescence of the two
proteins, specifically the 19 tryptophan residues of plas-
minogen and two tryptophan residues of BSA. Spectra re-
corded before and after flow (8.5 cm/s) show changes in
plasminogen structure and no changes in albumin struc-
ture (Fig. 3, A and B). The faster flow rate (8.5 cm/s),
similar to that of arteries, was used to maximize possible
structural changes. The increased fluorescence emission
from 350 to 550 nm observed for plasminogen under
flow is similar, but not identical, to the fluorescence emis-
sion of plasminogen irradiated with UV light (280 nm,
45 min, 2.3 W/mz), which shows a similar shoulder at
405 nm (37). At a slower flow rate (0.85 cm/s), similar
but less pronounced spectral shifts were observed
(Fig. S4 A).

CD spectroscopy, which is sensitive to protein secondary
structure, shows a similar result (Fig. 3, C and D). Native
plasminogen consists of (-strands and random coils
(37,38). After flow (8.5 cm/s), plasminogen shows a
decrease absorbance at both 202 and 230 nm, corresponding
to a loss of ordered structure. The secondary structure of
serum albumin is unchanged by flow. In comparison, treat-
ment with 6-aminohexanoic acid, which is commonly used
in studies of plasminogen, does not lead to changes in plas-
minogen secondary structure based on CD spectroscopy in
the 190-220 nm region (38,39).

—BSA
——BSA (8.5 cmis)

FIGURE 3 Spectroscopic characterization of
serum proteins after flow (8.5 cm/s, 30 min).
(A) Fluorescence emission of plasminogen before
(blue) and after (red) flow is shown. (B) Fluores-
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spectra of plasminogen before (blue) and after (red)
flow is shown. (D) CD spectra of BSA before (blue)
and after (red) flow is shown. The SD from three
distinct samples is shown by the shaded region of
each line. Spectroscopic characterization of serum
proteins was carried out in the absence of NPs.
To see this figure in color, go online.
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To determine if these flow-induced changes in protein
structure in the absence of NPs were relevant to the observed
changes in protein coronas (Fig. 2; Table 2), a corona was
formed using FBS (10%) subjected to flow (8.5 cm/s) incu-
bated with NPs under static conditions (30 min, room temper-
ature, identical to conditions used for Fig. 2; Table 2). The
resulting corona, characterized with gel electrophoresis, is
nearly identical to that formed under flow (Fig. S5; Table S3).

The observed change in plasminogen structure in
response to flow raises the question of physiological
relevance. The pH of the solution before (7.41 = 0.03,
n = 3) and after (7.45 = 0.02, n = 3) flow is nearly iden-
tical, suggesting a mechanically, rather than chemically,
induced change in structure. As a blood serum protein, plas-
minogen is constantly subjected to flow, and it is interesting
to consider how even small structural changes could affect
the biological function, serving as the inactive precursor
to plasmin. The plasminogen protein used in these experi-
ments is obtained from human plasma, purified by lysine
chromatography, and then resuspended in water for spectro-
scopic measurement. To determine if plasminogen returns to
the native conformation after a period of flow (8.5 cm/s),
we incubated the same sample at 37°C in PBS and recorded
spectra from 30 min to 6 h. We found a partial but in-
complete return to the initial fluorescence spectrum
(Fig. S4 B). Previous work examining activation in response
to UV-illumination showed that the UV-induced changes in
protein structure enhanced the activation of plasminogen by
2.6 (37), suggesting that flow-induced changes in structure
could be relevant for plasminogen function.

Cellular binding

The results described above demonstrate that NPs under
flow form a protein corona enriched in plasminogen
(Fig. 2) and that plasminogen undergoes structural changes
under flow (Fig. 3). To determine if this enrichment and
change in structure had any effect on NP-cell interactions,
we used flow cytometry to measure the binding of NPs to
HeLa cells in the presence of 10% FBS and 10% FBS sub-
jected to flow (8.5 cm/s). NPs (20 pM) and FBS (10%) were
added to cells for 20 min of cold-binding at 4°C. At this tem-
perature, protein-NP complexes bind to the cell surface but
are not internalized by cells (34,40-45), allowing us to sepa-
rate cellular binding from internalization. Equal concentra-
tions of NPs were used, and protein concentrations were
measured with UV-visible immediately before addition to
cells to ensure equal concentrations. Flow cytometry was
used to quantify cellular fluorescence. These measurements
show a small (65.0 = 3%, compared to 85.6 = 1%,n =3
distinct samples) but significant decrease in cellular binding
of NPs for cells incubated with serum protein subjected to
flow (Fig. 4). Measurements of d;,, PDI, and ZP show nearly
identical values for hard-corona-NPs with the corona
formed under static conditions (30 min, room temperature)
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FIGURE 4 Flow cytometry was used to measure cellular binding of NPs
incubated with 10% FBS under standard conditions and after 30 min of flow
(8.5 cm/s). The NPs were added to the proteins after flow. ***p < 0.001.

or continuous vortexing (30 min, room temperature), similar
to flow (Fig. S2 C; Table S4). The small decrease in cellular
binding observed for NPs incubated with serum proteins af-
ter flow suggests that plasminogen receptors may be respon-
sible for some cellular binding of the protein-NP complex
and that a change in the structure of plasminogen disrupts
this interaction. In comparison, lipid NPs with a corona
formed from circulating FBS showed increased uptake by
HeLa cells (29), suggesting increased protein density or
structural changes to proteins that affect cellular binding
are not limited to polystyrene NPs.

Previous research from our lab showed that the cellular
binding of carboxylate-modified polystyrene NPs (“yellow-
green,” #F8811) (Thermo Fisher) in the presence of serum
proteins was dominated by albumin and that adsorption of al-
bumin on the NP surface led to competition with free BSA for
cellular receptors on BS-C-1 and Chinese hamster ovary cells
(6,34,46). A comparison of the current “orange” NPs and pre-
vious “yellow-green” NPs is provided in Fig. S6.

CONCLUSIONS

It is becoming increasingly clear that the protein corona
controls the interaction of NPs with cells (6,7,12—14).
Although the main method of nanomedicine delivery is ex-
pected to be intravenous, few studies have addressed the for-
mation of a protein corona under flow (27-31). The goal of
the experiments described above was to determine if shear
flow changed the composition of the protein corona and
then to determine if these changes affected cellular binding.
Colorimetric assays of protein concentration and gel elec-
trophoresis show that NPs subjected to flow have a greater
concentration of proteins adsorbed on the NP surface, espe-
cially for plasminogen (Fig. 2). In addition, plasminogen, in
the absence of NPs, shows changes in structure in response
to flow, characterized by fluorescence and CD spectroscopy
(Fig. 3). The protein-NP complexes formed from FBS after
flow show decreased cellular binding, measured with flow



cytometry (Fig. 4). Our studies used polystyrene NPs, but
the result appears general. Gold NPs (13 nm) functionalized
with polyethylene glycol or tannic acid also showed an in-
crease in protein concentration (27). Similarly, lipid NPs
(140 nm), both unmodified and PEGylated, were found to
have increased protein coronas in response to flow (29). In
addition to the relevance to nanomedicine, these results
also highlight the technical challenges of protein corona
studies. We observed differences in the protein corona that
were highly dependent on the initial mixing step: rocking,
vortexing, or flow (Figs. 2 and S2 C).

From a protein biophysics perspective, the structural
changes of plasminogen but not BSA in response to flow
are an interesting result. Changes to proteins dependent
on shear force have been observed previously, measured
as changes in enzyme activity or protein structure and
determined by measuring changes in exposure of hydro-
phobic domains or molecular weight (47.48). The classic
example of protein response to flow is the von Willebrand
factor, which requires shear-induced proteolysis for its bio-
logical activity (49,50). Because much of the flow-depen-
dent research is driven by bioprocessing and storage of
therapeutic proteins (47), the structural changes of plas-
minogen in response to flow have not been examined pre-
viously. However, structural changes of plasminogen
have been examined in response to 6-aminohexanoate
and hydrostatic pressure (38,39,51,52). This previous
work suggests that the resulting structural changes mimic
the structural changes that result from plasminogen binding
to surfaces, such as fibrin clots, which is the initial step in
activation (51,52). In this case, it is possible that small
structural changes due to flow aid in the activation of
plasminogen.

SUPPORTING MATERIAL

Six figures and five tables are available at http://www.biophysj.org/
biophysj/supplemental/S0006-3495(18)30296-0.
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