Published on 12 February 2013. Downloaded by University of Illinois - Urbana on 05/06/2013 19:14:16.

ChemComm

COMMUNICATION

RSCPublishing

View Article Online
View Journal | View Issue

Protein corona significantly reduces active targeting

yieldt

Cite this: Chem. Commun., 2013,
49, 2557

Received 6th October 2012,

*xab
Accepted 11th February 2013 Mary L. Kraft

DOI: 10.1039/c3cc37307j

www.rsc.org/chemcomm

When nanoparticles (NPs) are exposed to the biological environment,
their surfaces become covered with proteins and biomolecules (e.g.
lipids). Here, we report that this protein coating, or corona, reduces the
targeting capability of surface engineered NPs by screening the active
sites of the targeting ligands.

Nanoparticles (NPs) are promising materials for the targeted delivery
of therapeutic drugs to the desired site in the human body." One
strategy to obtain a high targeting yield is to functionalize the surface
of the NPs with targeting ligands (e.g. antibodies or aptamers) that
enhance NP binding to receptors on the target cells and facilitate NP
uptake by receptor-mediated endocytosis.>” In vitro results generally
confirm the high capability of functionalized NPs for targeting to the
desired cells. However, lower targeting yields and an unfavorable
biodistribution (i.e., NP accumulation in the liver and spleen instead
of the desired tumor tissue) is often observed in vivo.*

The discrepancy between the in vitro and in vivo results is due, in
part, to the adsorption of proteins and other biomolecules to the NP’s
surface upon exposure to the biological medium in vivo.">® In
contrast, the NP surface remains nearly pristine in the presence of
the serum-free medium that is often used for in vitro studies of NP
uptake." Therefore, cells in in vitro experiments that employ serum-
free medium interact with the original NP surface, whereas cells
in vivo interact with the protein coating, which is called the protein
corona.”® The presence of the protein corona on the NP, which is
strongly related to the physicochemical properties of the NP and
protein sources,”” is reported to alter the biodistribution, cellular
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uptake mechanism, and intracellular location of the NPs in vivo,#*™*3

In addition to these changes in biological phenomena, the protein
corona may compromise the targeting efficiency of NPs that are
functionalized with targeting ligands via a non-biological mechanism.
Specifically, the protein corona surrounding the NP is hypothesized to
hinder interactions between the NP’s ligands and their targets on the
cell surface,” though this mechanism has not been directly tested.
Thus, the main aim of this work is to investigate whether the protein
corona inhibits NP ligand binding to reactive moieties on a surface.

To permit separating the protein corona’s effects on biological
phenomena (ie., uptake mechanism) from its potential ability to
limit access to the targeting ligand, we selected a copper-free click
reaction between NPs functionalized with a strained cycloalkyne,
bicyclononyne (BCN) and an azide on a silicon substrate as the
model targeting reaction (Scheme 1). We prepared fluorescent silica
NPs with diameters of 75 nm using the Stober method (see ESIT for
details),"* and then conjugated BCN targeting ligands (synthesized
as reported,” Scheme S1, ESIt) to the NP surface (Scheme S2, ESI{).
Silicon substrates were modified with an azide-terminated self-
assembled monolayer (SAM) by reaction with 11-azidoundecyltri-
methoxysilane (Scheme S3, ESIT). The presence of the azides on the
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Scheme 1 A copper-free click reaction between the BCN moieties on the NPs
and the azides on the modified silicon substrate was selected as the model
targeting reaction.
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substrates was confirmed by X-ray photoelectron spectroscopy
(XPS) (Fig. S1, ESI}).

We evaluated whether BCN-NP conjugation to the azide-
functionalized substrates was reduced by the protein corona
that results from exposing the BCN-functionalized silica NPs
(BCN-NPs) to biological fluids. We compared the conjugation of
pristine BCN-NPs to those of BCN-NPs exposed to mediums
that mimic in vitro culture conditions (i.e., medium with 10%
serum) and the biological fluids present in vivo (i.e., 100%
serum). Pristine BCN-NPs and BCN-NPs exposed to medium
with 10% serum (10% serum corona BCN-NPs) or 100% serum
(100% serum corona BCN-NPs) were incubated with azide-
functionalized substrates for 90 min in phosphate buffered
saline (PBS), and then conjugation was assessed with fluores-
cence microscopy and SEM. Control experiments in which
pristine BCN-NPs were incubated with azide-free substrates
confirmed that non-specific BCN-NP binding to the substrate
was insignificant (Fig. 1a). The fluorescence microscopy image
shows a high number of pristine BCN-NPs conjugated to
the azide-functionalized substrate (Fig. 1b). In contrast,
fluorescence microscopy showed few 10% or 100% serum
corona BCN-NPs had attached to the azide-functionalized sub-
strates (Fig. 1c and d). Quantitative analysis indicated that the
number of conjugated NPs, and therefore the targeting efficiencies
for the 10% and 100% serum corona BCN-NPs were lower than
that of the pristine BCN-NPs by 94 and 99%, respectively. SEM
imaging confirmed the fluorescence microscopy results. The
SEM images show numerous pristine BCN-NPs, but very few
10% or 100% serum corona BCN-NPs conjugated to the azide-
functionalized substrates (Fig. 2). These findings indicate the
protein corona inhibits the NP’s targeting capability.

Fig. 1 Fluorescence microscopy images of 5 mm by 5 mm silicon substrates
after incubation with pristine BCN-NPs and those coated with a protein corona.
(a) Little non-specific binding of pristine BCN-NPs to the azide-free substrate occurred.
(b) Numerous pristine BCN-NPs were conjugated to the azide-functionalized substrate.
(c and d) Few 10% (c) or 100% (d) corona BCN-NPs were visible on the azide-
functionalized substrates. Arrows designate individual NPs.
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Fig. 2 SEM images of silicon substrates modified with azide-terminated SAMs
after incubation with (a and b) pristine BCN-functionalized NPs, (c) 10% serum
corona BCN-NPs, and (d) 100% serum corona BCN-NPs.

Characterization of the BCN-NPs in terms of size and zeta
potential indicated that exposing the BCN-NPs to medium containing
10% or 100% serum increased their size, but only slightly decreased
their negative charge (Table S1, ESIf). The increase in size upon
exposure to serum-containing media reflects formation of the protein
corona as well as larger protein-NP complexes.'® The slight decrease
in negative charge is due to screening of the negatively charged
surface of the silica NP by the protein corona, and should not
drastically alter the interactions between the substrate and the
BCN-NPs in these experiments. Although NP uptake by cells is very
size-dependent,® we do not expect that the approximately two-fold
increase in BCN-NP diameter that occurred after exposure to 10%
serum medium is the primary cause of the 94% reduction in the
targeting efficiency of the 10% serum corona BCN-NPs. Therefore,
the protein corona-induced inhibition of NP targeting capability
we observed in this system was mainly caused by screening of
the interactions between the NP’s targeting ligands and their
reactive partners on the substrate.

Next, we used liquid chromatography-mass spectrometry/
mass spectrometry (LC-MS/MS) to assess the compositions of
the protein coronas on the BCN-NPs that resulted from expo-
sure to mediums that mimic the in vitro (10% serum) or in vivo
(100% serum) environments. A spectral counting method was
used to normalize the protein-specific spectral counts detected
with LC-MS/MS (SpC) with respect to the molecular weight of
protein k (My) and the total spectral counts detected according
to eqn (S1) (ESIT). This method yields the normalized percen-
tage of spectral counts for protein k (NpSpCp).’

The most abundant proteins detected in the coronas on the 10%
and 100% serum corona BCN-NPs are listed in Table 1. A more
comprehensive list that includes the less abundant proteins detected
is provided in Table S1 (ESIT). Evaluation of the normalized abun-
dances of proteins within a specific molecular weight range (Fig. S2,
ESIf) indicated that >88% of the proteins in the coronas on the BCN-
NPs exposed to either serum-containing medium had a molecular
weight below 30 kDa. Despite their relatively low molecular weights,
these proteins established a shell that significantly reduced the BCN
targeting ligand’s ability to react with the azides on the surface.
Although Table 1 and Table S1 (ESIT) show that the proportions
of the different proteins within each of the two coronas differed,
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Table 1 Protein composition of representative hard corona formed on BCN-NPs
incubated in 10% and 100% FBS, as identified by LC-MS/MS

Composition

10% serum 100% serum

Protein corona corona
Alpha-1-antiproteinase precursor 0.98 1.73
Apolipoprotein E 2.42 0
Apolipoprotein A-I precursor 6.05 5.69
Hemoglobinfetal subunit beta 18.54 12.35
Chain A, a novel allosteric 32.25 47.28
mechanism in haemoglobin

Apolipoprotein A-II precursor 16.27 10.19
Fetuin 20.74 19.91

Protein Corona

Pristine

Fig. 3 Simplified schematic of protein corona-induced screening of NP target-
ing ligands, which reduces targeted NP delivery. The protein corona covers the
targeting ligands on the NP, preventing the ligands from binding to their targets
on a separate surface (i.e., a cell).

the proportions of proteins with a specific molecular weight range,
and the reduction in NP conjugation were very similar. Thus, the
protein’s molecular weight is the main factor correlating its
propensity to adsorb to the NP and obstruct its targeting ligands.
Altogether, this study confirms the hypothesis that the protein
corona establishes a barrier that screens the interactions between
the ligand and its target on a separate surface (ie., the cell
membrane) (Fig. 3), thereby significantly reducing NP targeting
efficiency as compared to NPs with pristine surfaces. We found that
BCN-NP exposure to medium that contained as little as 10% serum,
which is the typical serum concentration used for mammalian cell
culture, resulted in the formation of a protein corona that signifi-
cantly inhibited the model targeting reaction we studied. Our results
imply that, in addition to NP clearance from the body (i.e., unfavor-
able biodistribution), screening of the targeting ligand by the protein
corona that forms upon NP exposure to biological fluids contributes
to the lower NP targeting efficiencies attained in vivo than in vitro.
Given that protein absorption to the NP surface cannot be prevented,
as even modification of NPs with polyethylene glycol (PEG) reduces,
but does not prevent, protein absorption,"” screening of the NP’s
targeting ligand due to protein absorption must be considered when
designing NPs for targeted drug delivery. Because the click chemistry
reaction between BCN-NPs and the azide-functionalized surfaces
used in this study enables separating the protein corona’s ability to
obstruct the targeting ligand from its effects on biological pheno-
mena, this approach may simplify assessing the extent that NPs with
various surface modifications are screened by the protein corona.
Of course, a cell-based platform would be required to assess the
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changes in biological phenomena that are induced by the protein
corona, and how its composition may change as the NPs are
trafficked through the endocytic compartments.’®*® Alternatively,
one might exploit the protein corona as a targeting ligand.**® For
example, the high vitronectin content in the protein corona of
cationic lipid-DNA complexes enhances targeting to MDA-MB-
435S cancer cells, a cell line derived from M14 melanoma cells,
that overexpress the two major vitronectin receptors, ovf3 and
auf5 integrins.'® Overall, we expect that increased consideration of
targeting ligand screening by the protein corona that surrounds the
NP will help to improve the efficiency of NP uptake in vivo.
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