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ABSTRACT: With DNA-based nanomaterials being designed for
applications in cellular environments, the need arises to accurately
understand their surface interactions toward biological targets. As for
any material exposed to protein-rich cell culture conditions, a protein
corona will establish around DNA nanoparticles, potentially altering
the a-priori designed particle function. Here, we first set out to
identify the protein corona around DNA origami nanomaterials,
taking into account the application of stabilizing block co-polymer
coatings (oligolysine-1kPEG or oligolysine-5kPEG) widely used to
ensure particle integrity. By implementing a label-free methodology,
the distinct polymer coating conditions show unique protein profiles,
predominantly defined by differences in the molecular weight and
isoelectric point of the adsorbed proteins. Interestingly, none of the
applied coatings reduced the diversity of the proteins detected within the specific coronae. We then biased the protein corona
through pre-incubation with selected proteins and show significant changes in the cell uptake. Our study contributes to a deeper
understanding of the complex interplay between DNA nanomaterials, proteins, and cells at the bio-interface.
KEYWORDS: protein corona, polymer coating, DNA nanomaterials, DNA origami, cellular uptake

■ INTRODUCTION
The use of nanomaterials at biological interfaces typically
implies their exposure to complex milieus of extracellular
proteins, which quickly adsorb onto the material surface and
form a corona.1,2 Such corona is known to have a multi-layered
structure, commonly differentiating an inner “hard corona”,
composed of proteins tightly bound to the nanoparticle surface,
and an outer “soft corona” of highly dynamic nature, constituted
by loosely bound, lower affinity proteins.3 These non-specific
protein coatings may alter the shape, size, and surface
characteristics of nanomaterials, endowing them with a
completely new biological identity that impacts their interface
interactions and resulting biological response.4 In particular, the
protein corona has been proven to dictate nanomaterial toxicity,
colloidal stability, interaction with the cellular membrane,
cellular uptake, internal trafficking, targeting, and biodistribu-
tion.5−8

DNA origami nanoparticles (DONs), compact nanostruc-
tures created from the controlled self-assembly of long DNA
scaffolds with hundreds of short synthetic DNA polymer
“staples”, have gained substantial interest as bioengineering
tools due to their programmability, uniformity, and spatial
addressability to present a wide variety of biomolecules in a
controlled manner.9 In order to fully exploit the potential of

DONs in biological systems, a detailed characterization of their
protein corona is paramount. Several studies have analyzed the
proteomic profile of coronae adsorbed onto DNA-hybrid
nanomaterials after incubation in human or mouse serum,
while only one study has reported the proteomic composition of
the corona formed around fully DNA-based nanoparticles,
including DONs, when incubated in 55% human serum.10−13

However, despite the extensive arrays of in vitro studies where
these nanoparticles are applied at the cell interface, character-
ization of DON protein corona in standard cell culture
conditions has not been performed so far.
Compact DONs rarely preserve their integrity when placed in

biological contexts, predominantly challenged by nucleases and
low cationic salt concentrations.14 A highly effective and
commonly used solution is the stabilization of DONs with a
protective oligolysine-poly-ethylene glycol (PEG) polymeric
coating.15 Interestingly, PEGylation became the gold standard
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technique to suppress protein adsorption and endow nano-
particles with stealth-like properties by fine-tuning the polymer
length and grafting density.16 However, recent reports suggested
that the stealth effect observed on PEGylated nanoparticles is
due to the preferential adsorption of certain proteins rather than
to the complete suppression of corona formation, raising the
interest to identify the specific proteins present on PEGylated
bio-surfaces.17 Despite the fact that the application of the
stabilizing oligolysine-PEG coating might drastically change the
profile of protein adsorption onto DONs,18 its influence has
never been characterized.
In addition to analyzing the non-specific adsorption of

proteins on DNA nanoparticles, the controlled formation of
protein coronae aroundDONs provides an interesting avenue to
modulate nanoparticle behavior. A specific corona can be grafted
onto DNA-based nanoparticles via direct electrostatic inter-
actions or through intermediate compounds able to chemically
and/or physically bridge proteins and DNA. Such approaches to
engineer a customized protein corona have been successfully
applied in fine-tuning colloidal and structural stability of DNA
nanomaterials,19−22 as well as their cellular uptake or
targeting.21−25 When proteins with an important role in
promoting (opsonins) or discouraging (dysopsonins) uptake
by phagocytic cells are used, the cellular uptake of nanoparticles
can be modulated.26−28 Here, we first analyze the effect of
different stabilizing oligolysine-PEG polymer coatings on the
protein corona composition of DONs when subjected to
standard cell culture conditions and subsequently bias corona
formation to influence the particle uptake by macrophages.

■ MATERIALS AND METHODS

DON Synthesis and Purification
The p7560 DNA scaffold was bought from Tilibit, and sequence-
specific DNA staple strands, as previously published,29 were purchased
from Integrated DNA Technologies (IDTs). DONs were synthesized
by mixing 10 nM of the p7560 scaffold with a 10-fold excess of non-
modified staples strands and five-fold excess of Cy5-functionalized
strands in 1× folding buffer (5 mM Tris (Merck), 1 mM EDTA
(PanReac AppliChem), 5 mM NaCl (Sigma-Aldrich), and 18 mM
MgCl2 (Sigma-Aldrich), pH 8.0) in a total volume of 50 μL. Folding
was performed using a thermal annealing ramp in a thermocycler
(Biometra TRIO Analytik Jena) (80 °C for 5 min, 60 to 20 °C at −1 °C
per hour). DONs were subsequently purified from the excess of staple
strands and concentrated through PEG precipitation. In brief, the
annealed solutions were mixed in a 1:1 (v/v) ratio with 2× PEG
precipitation buffer (15% PEG8000�Sigma-Aldrich, 0.5 M NaCl, 5
mM Tris, 1 mM EDTA, and 18 mM MgCl2), incubated at room
temperature for 30 min and centrifuged at 16,000 rcf for 40 min at 20
°C. The supernatant was then removed, and the pelleted DONs were
resuspended in 1× folding buffer by an overnight incubation at room
temperature. The final stock concentration (40 nM)wasmeasured with
a NanoDrop spectrophotometer (Quawell Q9000) by ultraviolet
absorbance at 260 nm, and samples were stored at 4 °C.
K10-nkPEG Coating of DONs
DONs were mixed in a 3:1 (v/v) ratio with K10-1kPEG and K10-
5kPEG solutions (Alamanda Polymers) at the required concentrations
to obtain the desired 1:1 N/P coating ratio (nitrogens in amines/
phosphates in DNA), as previously described,15 and subsequently
incubated overnight at room temperature. Uncoated DONs were
equally diluted in Milli-Q prior to their use for comparison purposes.

Negative-Stain Transmission Electron Microscopy Imaging
CF400-Cu grids (Electron Microscopy Sciences) were subjected to a
glow discharge treatment (30 s, 1 mA) before pipetting onto them 8 μL
of the corresponding DON solution at 3 nM. After 90 s of incubation,

the deposited solutions were carefully blotted from the grids with filter
paper, and 1.5 μL of 2% uranyl acetate solution (in H2O, w/v) was
subsequently pipetted. Excess staining solution was immediately
removed with filter paper, and the grids were left to air dry. Imaging
was conducted using a Talos L120C TEM operated at 80 × 103 V.
Standard Protein Corona Adsorption and Isolation
Methodology
Glycerol gradients for protein−DON complexes isolation were formed
in a 1.5 mLmicrocentrifuge tube (Beckman Coulter) adapting previous
protocols.30 In brief, six equal volumes of glycerol-containing PBS1X
solutions were carefully pipetted into the tubes to lay the distinct layers,
starting with a 45% glycerol concentration at the bottom and having a
5% glycerol decrease per subsequent layer. The tubes were then
incubated overnight at 4 °C to favor the continuity of the gradients. The
following day, 30 nM initial DON solutions (or the equivalent solution
without DON for the non-DON control) were mixed in a 1:3 (v/v)
ratio with Dulbecco’s modified Eagle’s medium (DMEM) high glucose
with L-glutamine and sodium pyruvate supplemented with 10% FBS
(PAN-Biotech) in a total volume of 120 μL and subsequently incubated
for 1 h under static conditions at 37 °C to allow for the stable formation
of a protein corona. Six replicates per DON condition were incubated in
parallel, including a no-DON condition as a control to avoid false
positive results. Right after incubation, glycerol was added to the
samples up to a final 15% (v/v) concentration and immediately loaded
on top of a six-layer linear glycerol gradient (45 to 20% glycerol in
PBS1X�Gibco), reaching a total volume of 1.2 mL. Once the samples
were loaded on the gradients, they were subjected to a rate-zonal
centrifugation process at 150,000 rcf at 4 °C for 120 min in an Optima
MAX-XP Tabletop Ultracentrifuge (Beckman Coulter) to sediment
and isolate the protein−DON complexes. The total volume of the tubes
was then immediately fractionated in 10 equal volumes for downstream
analysis of the process, and pellets were resuspended and retrieved in
120 μL of PBS1X solution. Cy5 fluorescence intensity and absorbance
at 280 nm of each retrieved volume were eventually measured with a
Cytation 5 imaging reader (BioTek) instrument to assess the yield of
DON retrieval and effectiveness of protein isolation.
Sample Preparation and LC−MS Analysis
A total of six protein−DON pellet fractions were retrieved per DON
coating condition and pooled in pairs for analysis. Samples were
separated by SDS-PAGE on a 12% polyacrylamide gel and stained with
Coomassie blue. Each gel lane was entirely sliced and subjected to in-gel
digestion. The gel pieces were washed twice with 50% ethanol in 50
mM ammonium bicarbonate (AB, Sigma-Aldrich) for 20 min and dried
by vacuum centrifugation. Proteins were reduced with 10 mM
dithioerythritol (Merck-Millipore) for 1 h at 56 °C followed by a
washing-drying step, as described above. Reduced proteins were
alkylated with 55 mM iodoacetamide (Sigma-Aldrich) for 45 min at 37
°C in the dark followed by a washing-drying step, as described above.
Proteins were digested overnight at 37 °C using mass spectrometry
grade Trypsin gold (Trypsin Gold, Promega) at a concentration of 12.5
ng/μL in 50 mM AB supplemented with 10 mM CaCl2. Resulting
peptides were extracted in 70% ethanol, 5% formic acid (Merck-
Millipore) twice for 20 min, dried by vacuum centrifugation. Resulting
peptides were desalted on StageTips31 and dried under a vacuum
concentrator. For liquid chromatography andmass spectrometry (LC−
MS)/MS analysis, resuspended peptides were separated by reversed
phase chromatography on a Dionex Ultimate 3000 RSLC nano UPLC
system in-line connected to an Exploris 480 Orbitrap mass
spectrometer (Thermo Fisher Scientific).
Label-Free Data Analysis
Raw data were processed using MaxQuant32 (version 1.6.10.43) and
searched against a database consisting of the Bos Taurus Reference
proteome database (37,513 protein sequences Release2021_02).
Carbamidomethylation was set as fixedmodification, whereas oxidation
(M), phosphorylation (S, T, and Y), acetylation (Protein N-term), and
glutamine to pyroglutamate were considered as variable modifications.
A maximum of two missed cleavages were allowed, and a “Match
between runs” option was enabled. A minimum of two peptides was
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required for protein identification, and the false discovery rate cutoff
was set to 0.01 for both peptides and proteins. Label-free quantification
(LFQ) and normalization were performed by MaxQuant using the
MaxLFQ algorithm, with the standard settings.33 The statistical
analyses of the label-free data were performed using Perseus34 (version
1.6.15.0) from the MaxQuant tool suite. Reverse proteins, potential
contaminants, and proteins only identified by sites were filtered out.
Protein groups containing at least three valid values in at least one group
were conserved for further analysis. Empty values were imputed with
random numbers from a normal distribution (width: 0.3 and down
shift: 1.8). A two-sample t test was performed to determine significant
differentially abundant candidates. Proteins were considered significant
when they had a p < 0.05. Relative protein abundance (RPA) was
calculated by averaging the protein peak intensity-based absolute
quantification (iBAQ) values of the replicates and deducting the
corresponding no-DON control values. Protein molecular weights and

isoelectric points were calculated with the Compute pI/MW tool on the
ExPASy Server. Protein Venn diagrams and heatmaps were plotted
using R.

Single-Protein Corona Pre-formation
We computed the number of proteins that would be adsorbed on our
hexagonal DONs assuming the formation of a perfect monolayer with a
hexagonal lattice and considering bovine serum albumin (BSA) as an
average protein model. For corona pre-formation, DONs were
incubated in a volume containing a six-fold larger amount of proteins
than the estimated number. More precisely, DONs (uncoated, K10-
1kPEG or K10-5kPEG, initially concentrated at 30 nM) were mixed
with murine protein stock solutions (ApoH: #784906, BioLegend,
hemoglobin: #CSB-NP004901m, Cusabio, or clusterin: #50485-
M08H, Sino Biological, initially at 0.5 mg/mL in PBS1X; also BSA:
#A2153, Sigma-Aldrich, for Supporting Information) in a final volume
containing 5 nM DONs, 0.3 mg/mL protein, and a restored 10 mM

Figure 1. Formation and isolation of protein corona−DON complexes. (a) Schematic overview of the methodology to enable protein corona
formation and isolate protein−DNA complexes from unbound proteins. (b) Percentage (%) of DON retrieval for each of the fractionated volumes
based on the corresponding Cy5 fluorescence intensity measured. Percentages are relative to the original DON concentration. Data are represented as
mean± SD, n = 6. (c) Profile of the protein content in the gradient based on absorbance measurements at 280 nm. Data are represented as mean± SD,
n = 6 in one independent experiment. (d) TEM images of non-treated DONs (Pre) and DONs incubated in proteins and retrieved via rate-zonal
centrifugation (Post). Scale bars are 25 nm.
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MgCl2 final concentration through the addition of MgCl2-containing
PBS1X to ensure the integrity of uncoated DONs. The total mixed

volume was then incubated at 37 °C for 1 h under static conditions to
allow for stable protein adsorption.

Figure 2. Characterization of protein corona composition of uncoated (U), K10-1kPEG (1k), and K10-5kPEG (5k) DONs. (a) Clustered heat map
based on LFQ intensities displaying Z-score and fold change with respect the no-DON control of all characterized significantly adsorbed proteins. Z-
score represents the distance of the corresponding LFQ intensity value, in standard deviations, from the mean of each protein. Each row is scaled
separately across all samples. Black = non-significant adsorption (p-value > 0.05). (b) Venn diagram of adsorbed proteins (p-value ≤0.05) onto each
DON type, highlighting subgroups (all, specific, and common) considered for respective analysis in (c,d). (c) RPA based on iBAQ values of the distinct
proteins significantly adsorbed in function of their molecular weight (MW). (d) RPA of the distinct characterized proteins significantly adsorbed in
function of their isoelectric point (pI). (e) Bubble plot displaying fold increase and significance degree of those proteins adsorbed with a p-value ≤0.05
and a minimum two-fold enrichment for at least one of the DON conditions.
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Cellular Uptake Study by Flow Cytometry
RAW 264.7 MF cells (35 × 103) were seeded overnight in 96-well flat
bottom plates (Corning) at 37 °C with 5% CO2. Incubation of
uncoated, K10-1kPEG, or K10-5kPEGDONs for single-protein corona
pre-formation was carried out in a total volume of 10 μL for the distinct
protein conditions, as well as in 10% FBS as representative of the
standard protein adsorption that would take place in cell medium.
Afterward, themedium from the cells was removed, and 50 μL of DONs
diluted in 10% FBS-containing RAW medium was added at the final
DON concentration of 1 nM and incubated for 2 h at 37 °C. To digest
all non-internalized DONs,15 medium was removed, and cells were
incubated for 1 h at 37 °C in 50 μL of DNAse I in RAWmedium (70U/
mL, Sigma-Aldrich). Next, cells were detached, resuspended in PBS1X,
and transferred to V-bottom plates. RAW 264.7 MF cells were stained
with live/dead fixable yellow dead cell stain in PBS1X (L34967,
Thermo Fisher Scientific) and resuspended in FACS BSA stain buffer
(BD Biosciences). Cells were acquired on a LSR Fortessa analyzer (BD
Biosciences) using FACSDiva software. Data were analyzed using
FlowJo software (version 10.0.7r2), and RAW 254.7 MF cells were
gated on single cells and live/dead fixable yellow-negative cells.
Cellular Uptake Study by Confocal Microscopy
RAW264.7MF cells (10× 103) were seeded overnight in 12-well slides
(ibidi) at 37 °C with 5% CO2. K10-1kPEG and K10-5kPEG DONs
were incubated for protein corona pre-formation, as described above for
uptake studies by flow cytometry. After 1 h incubation of DONs, the
medium from the cells was removed, 70 μL of DONs diluted in 10%
FBS-containing RAWmediumwas added at a final DON concentration
of 1 nM and incubated for 2 h at 37 °C. To digest non-internalized
DONs, medium was removed immediately after, and cells were
incubated for 1 h at 37 °C with 70 μL of DNAse I (70 U/mL).15 Next,
cells were washed with PBS1X and fixed by incubating them at room
temperature for 8 min with 100 μL of 4% paraformaldehyde (PFA).
Cells were subsequently thoroughly washed with PBS1X and stained
with 70 μL of DAPI solution (300 nM, Thermo Fisher) at room
temperature for 4min. After washing out, all the solutions were pipetted
out from the wells, removing the plastic wells and leaving the glass to air
dry at room temperature for 15 min. ProLong glass antifade mountant
(Invitrogen) was then deposited on the slide, which was covered right
afterward with a coverslip and left to air-dry at room temperature for 24
h. Sample imaging was conducted on a Leica TCS SP8 confocal
microscope with a HC PL APO 63×/1.40 OIL CS2 (Leica) objective.
For DAPI and Cy5 signals, 405 and 639 nmwavelength excitation lasers
and 415/55 and 650/50 filters were used, respectively (DAPI for K10-
1kPEG and K10-5kPEG DONs: 10% intensity, 100% gain; Cy5 for
K10-1kPEG: 1% intensity, 50% gain; Cy5 for K10-5kPEG: 2%
intensity, 50% gain). Images were acquired with a Leica DFC7000
GT camera, and image analysis was performed with ImageJ software
(version 1.53t) through manual cell segmentation.

■ RESULTS AND DISCUSSION
As a central DON subject for this study, we employed a
multilayer, disk-shaped object (Figure 1a), extensively charac-
terized in previous work and compliant with the design
parameters specified for the cell uptake.29,35,36 This rigid, solid
disk is 60 nm in diameter and 7 nm thick and carries six
integrated Cy5 dyes. These DONs were coated with an
oligolysine-PEG diblock co-polymer in a 1:1 N/P ratio
(nitrogen in lysine to phosphorous in DNA) with peptides of
10 L-lysine monomers (K10) conjugated to PEG blocks of either
1 kDa (1kPEG) or 5 kDa (5kPEG).While the positively charged
lysine residues bind electrostatically to the DNA backbone and
stabilize the intrinsic repulsive forces of DNA nanoparticles, the
PEG block restrains nuclease action and particle aggregation by
steric hindrance. Importantly, this coating ensures a long-lasting
protection of the DONs without altering their shape nor
hindering their cellular internalization, and it is expected to
neutralize the original negative surface charge of DNA structures

when applied in a 1:1 N/P ratio.15 Proper folding, purification,
and coating of the structures were verified by agarose gel
electrophoresis (AGE) (Figure S1). To allow for adsorption of a
stable protein corona representative of standard cell culture
conditions, uncoated, K10-1kPEG-, and K10-5kPEG-coated
DONs were each incubated in at 37 °C in DMEM medium
supplemented with 10% FBS for 1 h.
To enable the proteomic profiling of the coronae adsorbed

onto DONs, it was imperative to separate the protein−DNA
complexes from unbound proteins. Due to the similarities in size
and density between DNA and proteins, current DON corona
studies have been restricted to magnetic-based separation,13

whose effectiveness requires the introduction of design
modifications that might bias protein adsorption.37 Here, we
chose to isolate the protein−DNA complexes with a one-step
rate-zonal centrifugation process involving the use of a glycerol
density gradient. This technique has proven to be effective for
post-folding purification of DONs30 and is entirely label free,
though potentially disturbing the more loosely bound proteins
of the soft corona to a higher extent. Following corona
formation, solutions were loaded on top of a six-layer glycerol
gradient (20−45%) (Figure 1a). A no-DON control consisting
of only the protein-containing medium was included to account
for false positive results due to sedimentation of protein
aggregates. Immediately after centrifugation, the total volume of
the solution was fractionated and the pellets resuspended and
retrieved. The DON and protein contents of each fraction were
subsequently analyzed through fluorescence and absorbance
measurements, respectively, and pelleted DON integrity was
examined by transmission electron microscopy (TEM).
For all DONs (uncoated, K10-1kPEG, and K10-5kPEG-

coated), most of the nanoparticles could be retrieved from the
resuspended pellet (Figure 1b). The reduced retrieval of the
uncoated DONs can be explained by the instability of these
unprotected structures when facing nuclease action and low salt
concentrations, as supported by TEM (Figure S2). Profiling of
the protein content per fraction through absorbance measure-
ments at 280 nm revealed a clear decreasing trend in protein
concentration toward higher glycerol zones (Figure 1c). In
comparison to the no-DON control, we observed an apparent
increase in the 280 nm absorbance in the resuspended pellet
which contains most of the DONs (Figure S3). This signal
increase is a combined effect of the DNA particles content and
their protein corona, as subsequently examined by the
proteomic analysis. Next, we visualized the structural integrity
of all conditions with TEM (Figures 1d and S2). The presence of
partially disintegrated structures in the uncoated samples indeed
confirms that their stability was compromised. On the contrary,
K10-1kPEG and K10-5kPEG DONs displayed similar mor-
phologies to their non-treated counterparts, proving efficient
protection and structural integrity during the established
workflow.
Effect of Polymer Coatings on Protein Corona
Compositions

Following isolation of the protein−DNA complexes, we
characterized the corona composition via a LFQ proteomic
strategy after separation through LC−MS (Figure 2 and Table
S1). A larger number of protein species was identified for all
DON-containing samples in comparison to the no-DON
control, confirming the presence of a protein corona (Figure
S4). Proteins significantly adsorbed on at least one of the DON
conditions were plotted in heatmaps ranked by their Z-score and
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fold increase with respect to the no-DON control (Figure 2a).
Remarkably, none of the PEG polymer coatings reduced the
diversity of proteins adsorbing onto the DONs, though
significantly altered each adsorption profile (Figure 2b): while
certain proteins were present in the corona of all DON
conditions (“common proteins”), many others were adsorbed in
only one (“specific proteins”) or two of the polymer coatings.

To better understand the relation between the type of
polymeric coating and the nature of the adsorbed proteins, we
focused on the physical characteristics of the identified proteins.
The relative abundance of significantly adsorbed proteins in
each DON coating condition was calculated through a peak
iBAQ analysis. The corona of uncoated DONs predominately
consists of high-molecular-weight (MW) proteins, that is larger
than 50 kDa, while smaller proteins were prevalent for both

Figure 3. Impact of protein corona customization on DON cell internalization. (a) Schematic overview and characteristics of the proteins selected for
engineering the protein corona around our uncoated and coated DONs through a single protein pre-incubation step. (b) Quantification through flow
cytometric analysis of the uptake of 1 nM uncoated, K10-1kPEGK, and K10-5kPEG DONs after 120 min by RAW 264.7 macrophages expressed as
geometric mean fluorescence intensity of Cy5 relative to PBS. Data are represented as mean ± SEM, n = 2 or 3 in two or three independent
experiments. Statistical significance was determined with a one-sample t test on log-transformed data. *p≤ 0.0330 and **p≤ 0.0057. (c,d) Uptake of 1
nMK10-1kPEGK andK10-5kPEGDONs after 120min by RAW264.7macrophages after clusterin corona pre-formation. (c) Representative confocal
microscopy images of the assay. Nuclei stained withDAPI (blue), DONCy5 in red. Scale bars are 10 μm. (d)Quantification of uptake through analysis
of confocal images expressed as integrated Cy5 intensity. i.u.: intensity units. Data are represented as mean ± SEM, n = 3 in three independent
experiments. Statistical significance was determined with a t test. **p ≤ 0.008 for K10-1kPEGK DONs and **p ≤ 0.002 for K10-5kPEGK DONs.
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K10PEG-coated conditions (Figure 2c). Interestingly, most of
the “common proteins” were larger than 70 kDa. Indeed,
previous PEGylation studies with 5 kDa chains reported the
need of grafting densities larger to the 0.25 PEG/nm2 of our
coating conditions to attain a drastic decrease in unspecific
protein adsorption.38 At our grafting densities, the K10-1kPEG
(Flory radius R = 2.25 nm) coating is expected to have an
intermediate brush conformation (mushroom-brush), while the
longer polymeric chains of the K10-5kPEG (R = 6 nm) coating
present a thicker, defined brush.39 Steric repulsion in the coated
conditions is enough to hinder the interaction with large
molecules while yet allowing and favoring the intercalation and
residence of small proteins between the PEG chains.
In depth analysis of the isoelectric points revealed that

electrostatic interactions are a major driving force of the corona
formation for DONs (Figure 2d). In particular, the corona of
uncoated DONs was mostly composed of negatively charged
proteins, though still containing a substantial fraction (∼35%) of
positive proteins. In contrast, almost 90% of the corona content
for K10-1kPEGDONs was negatively charged proteins, whereas
near-neutral proteins accounted for over 70% of the proteins
adsorbed on K10-5kPEG DONs. The distinct affinity of each
differentially coated DON toward proteins of a certain charge is
further confirmed by the predominant isoelectric point values
among the respective “specific proteins”. Nevertheless, close to
90% of the “common proteins” were like DNA-negatively
charged, suggesting cation mediated-electrostatic bridging.40

The longer 5 kDa PEG chains seem to successfully shield the
surface, while the thinner and irregular K10-1kPEG coating
might not avoid the exposure of positive lysine residues,
encouraging the adsorption of negatively charged proteins.
For a comprehensive picture of the individual protein

contributions to the distinct adsorption profiles, we determined
the most enriched proteins in DONs (uncoated, K10-1kPEG,
and K10-5kPEG) and displayed their fold increase with respect
to a no-DON control (Figure 2e). Out of the “common
proteins” identified, sialophorin (SPN or CD43) and annexin
A1(ANXA1) proteins are substantially enriched. The SPN
protein has been reported to induce the DNA-binding activity of
certain transcription factors.41 More interestingly, ANXA1
presents DNA helicase activity, binding double-stranded DNA
in the presence of Mg2+.42 Among proteins preferentially
adsorbed on uncoated DONs, lactoferrin stands out, confirming
previous DNA nanoparticle corona studies.13 This glycoprotein
has two DNA-binding sites that allow the molecule to interact
specifically and non-specifically with single- and double-
stranded DNA,43 presenting Mg2+-dependent DNase activity
while also acting as a transcription factor.44,45 Quiescin
sulfhydryl oxidase 1, involved in DNA damage responses, also
favors the uncoated DON corona.46

Inversely, a series of proteins are predominantly found in the
PEGylated DON coronae, most noticeably the small (21.6 kDa)
syndecan-4, a proteoglycan receptor controlling multiple
endocytic pathways.47 The metalloprotein hemoglobin subunit
β (HBB, 16 kDa), previously reported to interact with DNA
nanostructures, increases abundance in PEGylated DONs
following literature that correlates HBB adsorption to PEG
length.48 This observation also follows our previous finding that
the bulkier coatings (e.g., K10-5kPEG) favor adsorption of
smaller proteins. Both PEG coatings encouraged the adsorption
of different specific proteins, with complement factor D present
in K10-1kPEG-coated DONs and alpha-2 macroglobulin-like 1
(A2ML1) enriched for K10-5kPEG coatings. Both proteins are

part of the complement system, which mediates opsonization.49

Interestingly, none of the conditions demonstrated significant
adsorption levels of BSA, despite BSA being a majoritarian
protein in the serum of origin and the corona of previously
studied DONs.13 A BSA-DON interaction test confirmed that
BSA binding�if existing at all�is very weak, hence likely
present in the easily disturbed soft corona (Figure S5).
Manipulation of Coronae to Bias the Cellular Uptake

Due to the prominent role, the protein corona plays at the
material−cell interface, manipulating the corona could provide
an engineering strategy to control cellular internalization of
matter. As the corona of a particle incubated in biological media
preserves a fingerprint of that specific environment,50 a single-
protein pre-incubation solution can serve to enrich the corona
for a molecule of interest and bias its final equilibrium
composition.28,51,52 To manipulate cell internalization of
DONs through biased corona formation, we selected three
proteins varying in surface charge and expected opsonic (uptake
enhancing) behaviors (Figures 3a and S6). Murine apolipopro-
tein H (apoH) is a positively charged protein at physiological
conditions, found to be present in the corona of the uncoated
DONs and other PEGylated nanoparticles, and known to
promote the phagocytic uptake.27 Clusterin (ApoJ), a negatively
charged protein, has expected dysopsonin (uptake inhibiting)
behavior since its presence in the corona of PEGylated
nanoparticles is amply reported to contribute to the stealth
effect.17 Murine hemoglobin (Hb), a near-neutrally charged
protein and present in coated DONs, has ambiguous opsonic
behavior.48

The interaction between the selected proteins and our pre-
incubated nanoparticles was analyzed and confirmed through
electrophoretic mobility shift assays after fixation of the corona
with PFA to prevent disruption by the applied electric field
(Figure S7). A dose−response analysis determined that level of
protein−DNA interaction reflected by a change in electro-
phoretic mobility correlates well with the amount of protein
(Figure S8). In addition, we verified that corona pre-formation
did not have a major influence neither on the long-term stability
of the uncoated DONs nor on the protective capacity of the
coatings following a 24 h-long incubation of the pre-incubated
DONs in standard cell culture conditions (Figure S9).
To investigate the effect on cellular internalization, we

presented the protein pre-treated (ApoH, Hb, clusterin, or
10% FBS control) DONs to murine RAW 264.7 macrophage
cells (MF), previously reported to efficiently take up these
DONs.29 Culture medium was refreshed after 2 h of incubation,
when the peak uptake of DONs was reached (Figure S10). To
digest any extracellular membrane-bound DON, cells were
exposed to high concentrations of DNAse I,29,36 and the uptake
was quantified through flow cytometric analysis. All cells showed
excellent viability, and differential uptake in function of the
coating state of the DONs was observed, with a preferential
uptake for the K10-1kPEG-coated material (Figure S11). The
majority of pre-treated DONs showed a highly comparable
uptake profile; however, the pre-adsorption of clusterin on
polymer-coated DONs led to a significant enhancement of the
uptake (Figures 3b and S12). This observation contrasts the
reported influence of clusterin on the stealth effect of PEGylated
particles, classifying this protein with dysopsonin function, yet
several other studies have indeed noticed the opsonic nature,
connected to its role in clearance of apoptotic cells and cellular
debris by interaction with endocytic receptors.53,54 It is thus
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possible that the DNA-oligolysine-PEG system favors the
opsonic functionality of the clusterin when adsorbed onto it.
However, given the dynamic nature of the protein corona, we
speculate that the pre-complexation of clusterin might promote
the preferential adsorption of alternative proteins from the
medium (e.g., opsonins), leading to the formation of a new,
biased corona whose overall influence encourages the
opsonization of the stabilized DONs. This overruling mecha-
nism of the clusterin stealth effect has also been proposed for
other stealth polymers.55

Finally, the increase in the uptake after the pre-adsorption of a
clusterin corona on coated DONs was confirmed through a
quantitative fluorescence analysis following confocal micros-
copy. Visual qualitative inspection of the confocal images
showed the classic punctate fluorescence signature, known to
result from endo-lysosomal entrapped DONs (Figure 3c).
Quantification of the integral fluorescence intensity indeed
confirmed the preferential cellular uptake of clusterin pre-
treated DONs for polymer-stabilized conditions (Figure 3d).
Overall, these results confirm the possibility to bias the
endocytosis of oligolysine-PEG-stabilized DONs by the pre-
formation of a protein corona through a simple protein−DNA
co-incubation process.

■ CONCLUSIONS
We have assessed the impact of the DON-stabilizing oligolysine-
PEG coating on protein adsorption and explored the possibility
to influence the cellular uptake of stabilized DONs by
intentionally biasing corona formation through custom protein
pre-incubation. For studying the protein corona adsorbed
around polymerically stabilized DONs without the need of
structural modifications, we leveraged an accessible isolation
methodology based on rate-zonal centrifugation. The identi-
fication and quantification of the different protein coronae
around DONs when submerged in cell culture conditions
indicate that oligolysine-PEG polymer coatings indeed modu-
late protein adsorption. They effectively modify the particle’s
surface charge and chemical composition as well as present a
physical steric barrier restricting larger molecules to interact. As
such, PEG coatings favor the adsorption of smaller proteins that
are negatively or near-neutrally charged. Finally, we demon-
strated that the pre-formation of a clusterin corona on stabilized
DONs significantly enhances themacrophage uptake, paving the
way for future in-depth evaluations and customized applications
of this simple engineering approach. Overall, our results advance
the fundamental understanding on molecular interface changes
resulting from the application of oligolysine-PEG as a stabilizing
strategy in bioengineering applications of DONs and provide an
accessible strategy to influence their cellular uptake.
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