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ABSTRACT: Blood proteins adsorb onto the surface of nano-
particles after intravenous injection to form a protein corona. The
underlying organization and binding function of these adsorbed
proteins remain unclear. This can impact how the corona mediates
cell and tissue interactions. Here, we investigated the function and
structural organization of the protein corona using an immuno-
assay approach. We discovered that only 27% of the adsorbed
proteins examined are functional for binding to their target protein.
This is because the corona architecture is not a monolayer, but an
assembly of proteins that are bound to each other. We further
demonstrated that we can control the binding functionality of a
protein by changing the organization of proteins in the assembly.
We show that manipulation of the corona protein composition and
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assembly can influence their interactions with macrophage cells in culture. This study provides detailed functional and structural
insights into the protein corona on nanomaterials and offers a new strategy to manipulate it for controlled interactions with the

biological system.

B INTRODUCTION

Nanoparticles are engineered to deliver therapeutic agents to
diseased tissues."™> The material, size, shape, and surface
chemistry of nanoparticles for specific medical applications are
heavily investigated. These physicochemical properties can
affect the nanoparticle’s pharmacokinetics, biodistribution,’
toxicity,’ and cellular interactions.” After administering nano-
particles into the bloodstream, they are immediately in contact
with the surrounding serum proteins.”” These proteins rapidly
adsorb onto nanoparticles and form a layer, termed the protein
corona.'”™"* It has been shown that these adsorbed proteins
can replace nanoparticles’ engineered surfaces'” and alter their
biological interactions.'*~

There have been tremendous efforts in profiling the
adsorbed serum proteins. Cullis and co-workers used poly-
(acrylamide) gel electrophoresis (PAGE) and immunoblotting
to analyze the protein corona on liposomes and found that few
of the adsorbed proteins correlated with a liposome’s half-life
in vivo."” Tenzer and Walkey and co-workers applied label-free
shotgun tandem mass spectrometry (LC-MS/MS) to system-
atically profile and quantify the protein corona.'®'? Over 300
different species of serum proteins were found on the surface
of silica and gold nanoparticles. In the past five years,
researchers have started to use this approach to identify
serum proteins adsorbed to nanoparticles with different
materials, sizes, shapes, and surface chemistries.”’ %

Despite a significant number of studies on the corona in the
last 30 years, only a few examined the structure and binding
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function of the serum adsorbed proteins. Dawson et al. used
metal nanoparticle-labeled antibodies and transmission elec-
tron microscopy (TEM) to visualize the adsorbed proteins on
polystyrene nanoparticles.”’ Similarly, Landry et al. used
stochastic optical reconstruction microscopy to look at the
distribution of proteins on silica nanoparticles.”* These studies
provided the spatial mapping of proteins on the nanoparticle
surface, but the structural organization of specific proteins on
the nanoparticle surface is unknown. Moreover, whether the
proteins can bind to their target receptor is still unclear. Here,
we provide a more detailed analysis of the function and
structure of the protein corona by quantifying the binding
function of adsorbed proteins and determine their structural
organization.

Our research workflow involves first profiling the protein
composition of the protein corona using LC-MS/MS. We
adopted the enzyme-linked immunosorbent assay (ELISA) to
quantify the proteins that are functional for binding. We also
used chemical etchant to release the adsorbed proteins and
determined their structural organization. Once we identified
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Figure 1. Characterization and profiling of adsorbed serum proteins on gold nanoparticles. (A) 60 nm gold nanoparticles were incubated with the
human serum to form the protein corona. Serum protein-coated nanoparticles were isolated with the unbound proteins. Adsorbed proteins were
denatured and reduced to peptides. The peptides were characterized by label-free liquid chromatography-tandem mass spectrometry (LC-MS/
MS). (B) Transmission electron microscopy images of nanoparticles before (left) and after (right) the serum protein coating. The protein
adsorption layer was negatively stained with uranyl acetate. Scale bar: 100 nm. (C) The hydrodynamic diameter of the nanoparticles before and
after the human serum (HS) protein coating determined by dynamic light scattering (DLS). (D) The list of 24 proteins that were selected for the
quantification of their binding functionality. The selection was based on their abundance in the corona and the commercial availability of their
antibodies, antibody-coated wells, and standards. The abbreviations for proteins (abbr.) used in this study and their relative abundance (Rel.

Abun) are listed.

the protein structure of the corona, we demonstrate the
manipulation of the structure of protein corona to mediate
cellular interaction.

B RESULTS AND DISCUSSION

We first prepared serum protein-coated spherical gold
nanoparticles (AuNPs) and profiled the composition of
adsorbed proteins as shown in Figure 1A. This allows us to
determine a list of proteins as candidates to quantify their
binding functionality. Experimentally, 60 nm spherical gold
nanoparticles (AuNPs) were synthesized using a citrate
reduction method and incubated with human serum. After
the incubation, we isolated protein-coated nanoparticles from
the unbound protein by centrifugation and washed them with
Tween-20 supplemented PBS (PBST). The protein coating on
nanoparticles was observed with transmission electron
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microscopy (TEM) (Figure 1B). Using UV—vis, we also
showed that protein-coated nanoparticles are colloidal stable in
1X PBS (Figure S1). We quantified the increase of AuNPs’
hydrodynamic diameter (HD) with dynamic light scattering
(DLS) (Figure 1C). We found that the serum protein corona
added 30 + 13 nm to the nanoparticle diameter. The protein
composition of this layer was profiled using label-free LC-MS/
MS. A total of 288 different human serum proteins were
identified as shown in the heat map (Figure S2). We sorted the
proteins according to their abundance and found that the top
80 most abundant proteins represent 93% of the whole corona.
We chose these proteins as candidates for quantifying their
binding functionality.

We used an enzyme-linked immunosorbent assay (ELISA)*®
to measure the binding function of the adsorbed proteins. It
requires commercially available primary and secondary anti-
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Figure 2. Quantification of the binding functionality of proteins in nanoparticle protein corona. (A) Schematics of the enzyme-linked
immunosorbent assay (ELISA) for protein functionality quantification. The plasma-treated wells were first coated with poly L-lysine to render the
surface positively charged. Serum protein-coated nanoparticles were incubated and allowed adsorption to the well. The biotinylated antibody was
added to bind with the target protein. This was followed by the addition of avidin-conjugated horseradish peroxidase (HRP). A standard curve was
prepared for the target protein in separate wells under the traditional sandwich assay format. (B) The concentration of the 24 proteins that are
functional for binding in the protein corona. The result was normalized to the surface area of nanoparticles adsorbed on the well, determined by
inductively coupled plasma mass spectrometry (ICP-MS). (C) The total amount of the binding functional proteins compared to their total
adsorbed amount. The total adsorbed amount for the 24 proteins was determined through their relative abundance

bodies, antibody-coated wells, and free protein standards. We
tried to obtain these components for all 80 proteins and found
that only 24 of them have the required assay components to
compare the binding. The 24 proteins are listed in Figure 1D.
Though this is not ideal, this allowed us to determine the
binding function across these proteins consistently using the
same method. These 24 proteins tested for their binding
function represent 33% of the whole corona (Figure S3). We
hope that similar assay designs can be done for the other
corona proteins to allow a more thorough analysis.

Figure 2A shows the workflow schematic for quantifying the
nanoparticle corona proteins that are functional for binding to
target ligands. The serum protein-coated 60 nm gold
nanoparticles were first immobilized onto a 96-well plate.
These well plates were precoated with positively charged poly
L-lysine (PLL). Since the serum protein-coated nanoparticles
were negatively charged (Figure S4), they can be electrostati-
cally immobilized onto the well (Figure SSa). The coating is
also consistent with an average 5% coeflicient of variation
(CV) for immobilizing nanoparticles (Figure S5b). Any
unbound nanoparticles were washed away with Tween-20
supplemented PBS (PBST). We next added biotinylated
antibodies that specifically target one of the 24 proteins. The
antibody binds specifically to proteins on the nanoparticles that
can bind to their target protein. Avidin-conjugated horseradish
peroxidase (HRP) was added to bind to the biotinylated
antibodies. This allows the HRP to be attached to the protein
complex of the target protein and biotinylated antibody. The
substrate for HRP, tetramethylbenzidine (TMB), was then
added to the well The HRP oxidizes the substrate and
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generates a colorimetric signal with a peak absorbance at 450
nm that can be measured using an absorbance plate reader.*®
We converted the colorimetric signal to the concentration of
binding functional proteins from a standard curve. The
standards consist of known concentrations of free proteins.
These proteins were captured onto the wells that were
precoated with their antibody. Biotinylated antibody and
Avidin-conjugated HRP were added to bind with the captured
free protein standards. Both HRP on nanoparticles and free
protein standards were allowed to react with TMB for the
same amount of time. This allows us to quantify the amount of
binding functional proteins by comparing the signal from
nanoparticles to the standards.

We first validated this quantification method with
Immunoglobulin-coated nanoparticles (IgG-NPs) (Figure
S6). IgG-NPs can be prepared with a range of surface coverage
as shown in Figure S7. We then applied our assay to these IgG-
NPs to quantify the number of IgG. Because this is a single
protein system, all proteins are expected to be functional for
binding. Figure S8 shows that our assay can quantify the IgG
on nanoparticle regardless of the protein coverage. If the IgG is
sterically covered by anti-IgG, the assay shows no signal
(Figure S9). If the IgG is partially denatured, the assay also
shows decreased signal (Figure S10). This confirms that we
only quantified proteins that are functional for binding. This
allows us to move onto applying the assay to the selected 24
proteins in the protein corona of nanoparticles.

Figure 2B shows the quantification of the number of corona
proteins that are functional for binding. The concentration was
normalized to the surface area of nanoparticles to compare
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Figure 3. Optimization and validation of nondenaturing release of adsorbed serum proteins for structural analysis of the protein corona. (A)
Schematics of the assay for releasing adsorbed proteins through chemically etching away the gold core of nanoparticles. Serum protein-coated
nanoparticles were incubated with the iodine and iodide ion solution. After the gold core was etched away, the released serum proteins were
obtained. (B) The UV—vis absorbance spectrum of the Immunoglobulin G-coated 60 nm gold nanoparticles (IgG-NPs) before and after the
addition of the etchant. Thiosulfate was added to remove the residue iodine. (C) The effect of etchant on the native structure and function of
proteins. Human IgG in PBS before (— etchant) and after (+ etchant) incubating the etchant solution was tested with the traditional sandwich
ELISA. The O.D. represents the absorbance of the TMB substrate at 450 nm. No significant difference was observed after the addition of the
etchant. The standard deviation of two technical replicates was also shown. (D) A correlation plot between the number of IgG released through the
etching and the number of IgG total adsorbed on NPs (1 = 3; Pearson correlation coefficient: 0.9841). The number of IgG adsorbed per NP was
quantified by Bicinchoninic acid assay after denaturing and extracting adsorbed proteins. The number of IgG released per NP was quantified with
traditional sandwich ELISA after the gold nanoparticle core was etched.

their binding functionality. This is achieved through
quantifying the immobilized nanoparticles by digesting each
well with acids and analyzing the gold content through
inductively coupled plasma mass spectrometry (ICP-MS). We
found that Fibronectin, Factor V, Antithrombin III, Comple-
ment C3, complement factor H, and IgG comprised 87% of all
the tested functional proteins (Figure S11). When we
combined the functional concentration of 24 proteins and
compared it to the total amount of adsorbed 24 tested
proteins, we found that it only adds up to 27.4% (Figure 2C).
This suggests that a large portion of proteins are not functional
for binding. Though other factors such as orientation and
unfolding of the protein may contribute to this low binding
function,””*® we suspect that the organization of proteins in
the protein corona structure is preventing them from being
accessible for binding.

The fact that many of the proteins are not available for
binding suggests that the proteins may have been organized
into multiple layers. The current view of the protein corona’s
structure is a monolayer of adsorbed proteins, but few studies
have suggested that the protein corona is a multilayered
system.”” > A multilayer structure hints at strong protein—
protein interactions. We designed an assay that allows us to
screen for such interactions by isolating proteins in their native
structure. Current methods of isolating proteins often require
denaturation that disrupts their structural conformation. We
chose the iodine and iodide ion-based chemical etchant to
dissolve the gold nanoparticles to release adsorbed proteins
without affecting the native structure of proteins.”"*® The
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experimental overview of our method is shown schematically in
Figure 3A. We first tested and validated the etching process
using a model IgG-coated gold nanoparticles (IgG-NPs)
construct.

60 nm gold nanoparticles were synthesized and incubated
with IgG. Once the IgG was adsorbed on the surface, we
removed the excessive unbound IgG by centrifuging and
washed the IgG-NPs with PBST. The etchant was then
prepared by mixing the iodine with 530 mM of potassium
iodide solution at 10% v/v. We added the etchant to the IgG-
NPs solution and immediately started following its adsorption
spectrum. As shown in Figure 3B, the absorption peak of
nanoparticles around 535 nm quickly disappears once the
etchant was added to the solution. There is only the peak of
unreacted diiodine (I,) at 250 nm after 10 min indicating the
nanoparticles have been removed and the etching process is
completed. We quenched the unreacted diiodine by adding
sodium thiosulfate (Na,S,0;). The adsorption peak of
diiodine disappeared and left the solution colorless. We tested
whether this etching process influences the function of proteins
using ELISA. We compared the ELISA signal of etchant-
treated IgG with the untreated ones and found that they are
similar (Figure 3C). This indicates that the etchant does not
interfere with the ELISA assay, and the proteins can bind to
their target after the treatment. We next validated that the
number of released IgG matches with the initial adsorbed
amount on the nanoparticle surface. We took the etched
solution of IgG-NPs and quantified the number of IgG
desorbed from the solution with ELISA. We also quantified the
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Figure 4. Identifying the structural organization of adsorbed proteins in the protein corona. (A) Schematics of the screening assay for identifying
the protein binding pairs. Proteins in their native structure were desorbed from the nanoparticle surface through chemically etching away the gold
core. The target protein was immobilized onto the wells by its antibody. Co-immobilized proteins were identified through screening with 24
different proteins’ biotinylated antibody. Avidin-conjugated HRP was added, and a colorimetric signal at 450 nm was measured after adding the
substrate 3,3’,5,5'-Tetramethylbenzidine (TMB). (B) The binding map of the 24 adsorbed proteins. Each column represents the immobilized
protein, and each row represents the proteins that were coimmobilized. The colorimetric signal was normalized to the maximum within each target

protein.

amount that is initially adsorbed on nanoparticles by the
traditional method of desorbing IgG through denaturation
with sodium dodecyl sulfate and dithiothreitol. The released
IgG using this method was quantified with bicinchoninic acid
assay as described in the previous study by Walkey et al.'” We
compared the two results and found that they are similar
(Figure 3D). This indicates that we can release all adsorbed
proteins with the iodine etchant. At last, we showed that the
protein—protein binding remains intact after the etching. We
prepared IgG-NPs that are bound with anti-IgG-HRP (Figure
S12). We then etched the gold core and added the released
protein mixture to an anti-IgG precoated well. The well will
only immobilize the IgG. We found that the anti-IgG-HRP are
coimmobilized onto the well after the etching (Figure S12c).
This demonstrates that the IgG and anti-IgG-HRP remained
bound after the etching process. After these validations, we
applied the etchant to serum protein-coated nanoparticles and
identified the protein—protein pairs in the released proteins.
Protein—protein binding pairs were identified using the
immunoassay as schematically shown in Figure 4A. We first
prepared the human serum protein-coated nanoparticles (HS-
NPs) by incubating 60 nm gold nanoparticles with the serum.
We added the etchant described above to HS-NPs to release all
the adsorbed proteins. We tested whether there is any
protein—protein binding in the released proteins. The protein
solution was added to the well plates that were precoated with
the antibody targeting one of the proteins in the list of 24
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proteins. Such a procedure immobilized the target protein
from the released protein mixture. This is a crucial step for
identifying the protein—protein binding partners because if the
target protein is bound with other proteins, the whole protein
complex will be immobilized as well. We can then screen for
which proteins have been coimmobilized by adding biotiny-
lated antibodies for the protein partner. The antibody binds to
one of the 24 proteins and can be recognized by adding avidin-
HRP. The HRP generates a colorimetric readout with the
absorbance at 450 nm allowing us to identify the
coimmobilized proteins. For each protein in the list, we tested
whether it is bound with all 24 proteins. Even though only the
proteins within the list were tested, it still allows us to
demonstrate the protein—protein interactions underlying the
structural organization of the protein corona.

In total, we tested 24 X 24 = 576 pairs of proteins and
identified which pair of proteins are bound together in the
corona. We discovered 244 protein—protein binding pairs.
This shows that 42% of the tested proteins are bound with
other corona proteins. Antithrombin III, Apolipoprotein C3,
Complement C4, Fibronectin, Complement C3, and IgG
appeared in almost all protein—protein binding pairs. A
binding map between the 24 proteins was constructed as
shown in Figure 4B. Each column represents the protein that
was immobilized on the plate, and each row represents the
protein that was found coimmobilized. The intensity of each
cell in the map shows the amount of each coimmobilized
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Figure 5. Manipulating the binding function of proteins through changing its structural organization in the protein corona. (A) The relative change
in the amount of binding functional fibronectin (FN) on nanoparticles after antithrombin-III (ATIII) was depleted from the corona. This is
compared to the control corona prepared from full human serum. (B) The relative change in the amount of binding functional ATIII on
nanoparticles after FN was depleted from the corona. This is compared to the control corona prepared from full human serum. For both A and B,
protein’s relative binding functionality was determined through comparing the absorbance signal at 450 nm using the same ELISA method
described earlier. (C) The proposed structural organization between ATIII and FN. ATIII binds to FN blocking its binding sites. FN, in turn, acts
as the support for binding ATIIL (D) The relative change in the amount of binding functional ATIII on nanoparticles after complement protein C3
and C4 were depleted from the corona. This is also compared to the control corona prepared from full human serum. (E) The proposed structural
organization between C3/C4 and ATIIL. Complement protein C3 and C4 bind to ATIII blocking the binding sites of ATIIL

protein relative to other proteins in the same column. The
binding pattern between proteins appeared to be nonsym-
metrical. This suggests that the protein—protein interactions in
the protein corona are not binary. This means multiple
proteins can bind together to form an assembly. Multiple layers
of proteins could be arranged under such a structure. Our
findings also explain the fact that proteins lose their binding
function as they are already bound to other corona proteins.
We tested whether we can manipulate the protein assemblies
to control the binding function of a particular protein. We
hypothesized that by removing one protein from a binding
pair, it will influence the binding function of its binding
partner. We first referred to the binding map constructed
earlier and selected Antithrombin III (ATIII) and Fibronectin
(FN) as the pair of proteins to study. Both proteins bound
strongly to each other and are also abundant in the corona
(Figure S13). We obtained human plasma with ATIII or FN
immunodepleted and incubated them with 60 nm gold
nanoparticles. The protein corona formed from the depleted
plasma showed no significant difference in the total amount of
adsorbed proteins (Figure S14). We measured the number of
binding functional FN after ATIII is depleted. We found that
the number of functional FN significantly increased (p <
0.0005) after ATIII was removed from the corona (Figure SA).
We suspect that in a native, full serum-protein corona, ATIII is
bound to the already adsorbed FN and thus blocking its
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binding sites. We measured the amount of ATIII that is
functional for binding after FN was removed. We found that
the number of functional ATIII decreased (p < 0.0005) when
FN was removed (Figure SB). It is likely that FN acts as a
supporting layer for the binding of ATIII and thus ATIII
blocks the binding sites on FN as illustrated in Figure SC. This
result suggests that different protein species such as ATIII and
FN may have different roles in forming the protein corona
structure.

To further confirm this phenomenon, we studied another
binding pair of proteins in the protein corona. It was reported
that Complement proteins C3 and fragments of Complement
C4 can covalently and nonspecifically bind to proteins on
nanoparticles.‘?’5 Existing proteins in the corona can act as a
supporting layer for further binding of C3 and C4 frag-
ments.*>>” We hypothesized that the depletion of these two
complement proteins should, in turn, allow its previously
blocked proteins to become available for binding again.
Depleting the supporting layer proteins, on the other hand,
will not affect C3 and C4 as their binding is nonspecific. We
tested this hypothesis. C3 and C4-depleted human serum were
first obtained and incubated with the nanoparticles to form the
C3/C4-free corona. We then measured the protein binding
functionality of C3 and C4’s binding pairs: ATIII, FN, and
Fibrinogen (FIB). We found that the binding function of
ATIII, FN, FIB increased by 1.5, 5.0, and 1.9 folds, respectively
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Figure 6. Modification of protein binding function on the protein corona termed Knockout Assisted Binding Activity Modification (KABAM). (A)
Schematics of the KABAM. The binding partner of the protein of interest for modifying its binding function is first identified. The binding partners
were depleted from the serum. The change in the binding functionality for the protein of interest is quantified through the ELISA assay described
earlier. The changes in the cellular association of nanoparticles coated with the modified corona were evaluated. (B) Binding partners of the
immunoglobulin G (IgG) in the protein corona of 60 nm gold nanoparticles. Serum or plasma with C3, C4, FIB, ATIII, FV, and FN depleted was
purchased and incubated with nanoparticles to form the new corona. (C) The change in the number of binding functional IgG in the protein
corona with ATIII depleted compared to the corona prepared from the full serum. (D) Confocal microscopy images of J774A.1 macrophage cells
after incubation with human serum-coated nanoparticles (HS-NPs) and ATIII-free serum-coated nanoparticles (ATIII-free-NPs). The green
channel shows staining for human IgG contained in the corona; the blue channel shows the nucleus of cells. Overlay images of both channels are
presented in the right column. Scale bars are 40 ym. (E) Inductively coupled plasma mass spectrometry (ICP-MS) quantification of nanoparticles
associated with cells. Nanoparticles with the full protein corona and corona with ATIII depleted were compared. The binding specificity to the
receptor was confirmed through the binding completion with free IgG.

(Figure SD, S15). However, we found that the amount of from the binding map of IgG (Figure 6B). We found C3, C4,
functional C3 and C4 did not change after ATIII, FN, and FIB Antithrombin III, Fibronectin, Factor V, and Fibrinogen are

were depleted from the corona (Figure S16). This agrees with the most significant proteins that bind IgG. We purchased
the nonspecific binding nature of C3 and C4. Here we depleted plasma for each one of these proteins. We incubated
demonstrated that the binding properties of proteins can be the 60 nm nanoparticles with the depleted plasma to form the
controlled by manipulating the protein assemblies in the new protein corona. To characterize the altered IgG
protein corona. functionality, we quantified the number of functional IgG in
Finally, we evaluated whether we can manipulate the binding each protein corona using the ELISA assay. Figure 6C and
function of the corona to control nanoparticle-cell interactions. Figure S17 show the amount of IgG that can bind to their
We picked nanoparticle-macrophage interaction as a model target decreased after depleting Factor V, Fibrinogen,
system. This is because macropha%e cells are responsible for Antithrombin III, and Fibronectin. These proteins likely
sequestering most nanomaterials.””*” The control of the serve as the supporting proteins for IgG to bind to during
interaction of nanoparticles with macrophage cells could lead the formation of the protein corona. On the other hand, the
to prolonged half-life in the body. Since FcyR is one of the depletion of C3 and C4 leads to an increased number of IgG
major membrane receptors for binding to IgG,*>*' we decided that can bind to their target (Figure S18). This agrees with our
to alter the binding property of IgG in the nanoparticle’s previous finding that C3 and C4 nonspecifically block the
protein corona. We developed a workflow termed Knockout binding function of other proteins. Here, we engineered two
Assisted Binding Activity Modification (KABAM). As new biological identities of protein corona that have enhanced

illustrated in Figure 6A, KABAM manipulates IgG’s function- or diminished IgG binding functionality using KABAM.
ality by systematically depleting its binding pair and Next, we evaluated how these two protein corona control
rearranging the corona. First, we selected candidate proteins nanoparticles binding with macrophage cells. Nanoparticles
8833 https://dx.doi.org/10.1021/jacs.0c01853
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with ATIII depleted corona have lower IgG binding ability and
thus should have less binding with the cells, while C3/C4
depleted corona will have more. We first prepared J774.2
macrophage cells in serum-protein free media. Protein corona-
coated nanoparticles were added to cells and allowed
interaction for 30 min at 4 °C. We used a low temperature
and short incubation time to minimize the contribution of
receptor recycling.”” Full human serum-coated nanoparticles
were also incubated with cells under the same conditions to
serve as the control. Microscopy images were taken to visualize
the cellular binding of nanoparticles by labeling the protein
corona with the anti-IgG conjugated with CyS. Figure 6D
shows nanoparticles with ATIII-free corona had much less
fluorescence signal on macrophages than nanoparticles with
the full corona. Using ICP-MS, we confirmed that the lack of
signal is due to significantly less (p < 0.005) binding of
nanoparticles to the cells (Figure 6E). We also added free
human IgG to cells 10 min prior to the addition of
nanoparticles. This allows us to confirm that the binding
mechanism is through the Fc receptors. With the competition,
serum corona-coated nanoparticles bind significantly less to
macrophages, while no difference was observed for ATIII-free
corona coated nanoparticles. We next tested the macrophage
binding of nanoparticles with the C3/C4-free corona. We
found that these nanoparticles with more binding functional
IgG also bind significantly more (p < 0.0005) to macrophages
(Figure S19). Here, we demonstrated that by modifying the
organization of proteins in the corona, we can change the
binding functionality of proteins. This leads to altered
nanoparticles” cellular interactions. This new strategy allows
us to control the biological identity of the protein corona
without changing the physicochemical properties of the
nanomaterials.

B CONCLUSION

We characterized the binding functionality of proteins and
started to examine their organization in the corona. We
discovered that not all proteins in the protein corona can bind
to their targets. Moreover, we found that proteins are
organized into the assembly like structure through protein—
protein interactions. This finding suggests a multilayered
protein corona structure, as illustrated in Figure 7. Protein
corona is likely composed of multilayers of protein assemblies.
The foundational layer is defined as the layer of proteins that
directly interact with the nanoparticle surface. The nano-
particle chemical composition and surface chemistries likely
dictate the specific serum proteins adsorbed. This composition
of this protein dictates the subsequent proteins adsorption on
the nanoparticle surface, as these proteins can bind to cognate
proteins. The cognate protein can potentially bind to
additional proteins. We define these layers as the foundational,
assembly, or binding layer when there are three proteins in the
assembly. However, with two proteins interacting, there would
only be a foundation and binding layer. In a one-protein layer,
the binding layer is the same as the foundation layer. The
assembly layer can constitute more than one protein. The
outermost proteins are responsible for binding to cellular
receptors. Finally, we demonstrated that we can manipulate the
biological effect of a protein corona by changing the
organization of proteins within it. We used this finding to
develop a strategy termed Knockouts Assisted Binding Activity
Modification (KABAM) to control the downstream biological
interactions of nanoparticles with macrophages. This strategy
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Figure 7. Proposed mechanism of the structure and function of the
protein corona. This is an example of a three-layer, protein—protein—
protein interaction. When nanoparticles are exposed to serum or
plasma, proteins adsorb onto the surface through protein—nano-
particle interaction. It forms the foundation layer. Additional proteins
can bind to the foundation layer of proteins based on protein—protein
interactions. This forms the assembly layer. The protein that was
sterically covered by other proteins loses their binding functionality to
receptors as they are not accessible. As a result, the interaction
between the nanoparticle protein corona and cellular receptors is
ultimately determined by the functional proteins in the binding layer.
There is only a foundation and binding layer when there is a two-layer
protein—protein interaction. The foundation equals the binding layer
when there is one protein. An assembly layer can constitute more than
one protein (for example, a protein—protein—protein—protein system
would have two proteins in the assembly layer).

allows us to control the biological identity of the protein
corona without modifying the synthetic properties of the
nanoparticle itself. This offers the tunability to the protein
corona that could be used to engineer precoated corona with a
variety of biological identities for nanomaterials.*”~* Overall,
this study provided insights into the structure and functionality
of the protein corona that can be leveraged for the
development of nanomaterials with controlled biological
interactions.
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