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Abstract

Using a family of cationic gold nanoparticles (NPs) with similar size and charge, we demonstrate
that proper surface engineering can control the nature and identity of protein corona in
physiological serum conditions. The protein coronas were highly dependent on the hydrophobicity
and arrangement of chemical motifs on NP surface. The NPs were uptaken in macrophages in a
corona-dependent manner, predominantly through recognition of specific complement proteins in
the NP corona. Taken together, this study shows that surface functionality can be used to tune the
protein corona formed on NP surface, dictating the interaction of NPs with macrophages.
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Proper control of nanoparticle (NP) surface functionality can dictate desired interactions of
NPs with cells, maximizing their therapeutic efficacies. For example, cationic NPs are
shown to interact with proteins,X DNA,2 and siRNA3 in a charge complementary fashion and
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effectively deliver them both /n vitrd* and in vivo. Cationic gold NPs, in particular, provide
a suitable platform for targeted delivery due to their non-toxic core and functional
versatility.8:7 The straightforward synthesis coupled with a tunable surface of gold NPs that
can be engineered with a variety of chemical functional groups can further modulate their
uptake efficiency.8 For instance, modification of gold NPs surface with lysine rendered
tunable intracellular DNA delivery by simply changing the surface charge density of lysine
residue, providing ~28 times higher transfection efficiency compared to polylysine
analogue.®

It is well-recognized that after administration of NPs in blood, plasma/serum proteins adsorb
on NP surface and form a protein layer, namely “protein corona”.19-16 There are several
factors that can define the composition of protein corona. The surface chemistry of NPs
largely dictates the thickness, decoration, and the identity of the protein corona, in addition
to the physicochemical characteristics of the protein themselves together with incubation
parameters (e.g., temperature).1”-18 The protein corona gives NPs a new biological identity
in contrast to their initial synthetic identity that determines NPs—cell interactions. Among
various types of the cells, the interaction of NPs with macrophages is of significant interest
because of macrophages’ crucial role in NP clearance from blood stream. For instance, we
have demonstrated that blood half-life of cationic gold NPs is significantly lower compared
to neutral and negative counterpart and accumulated primarily in the organs related to
mononuclear phagocytic systems (MPS) including liver and spleen.1® This is mainly
occurred due to the non-specific absorbance of certain plasma/serum proteins (opsonins) on
cationic gold NP surface2%:21 that helps MPS cells, 7.e. macrophages, recognize and
subsequent uptake of the NPs.22 Such a rapid clearance from the blood stream (after
systemic administration via MPS) is the major hurdle for effective /n vivo targeting
applications of cationic gold NPs.23:24 In order to enhance the blood residency time of
cationic gold NPs, it is of crucial importance to understand the effect of engineered surface
functionality on protein corona composition and its recognition by macrophages.2>: 26
However, interplay between surface structure and corona composition is still poorly
understood, mainly because of the complexity of protein corona composition/structure.

Herein, we investigated the interplay of protein adsorption and macrophage recognition of
surface engineered cationic gold NPs. We find that NP surface functionality dictates the
protein corona formation in serum under physiological conditions. The uptake of NPs by
macrophages was directly related to the amounts of key complement proteins adsorption on
NP surface, suggesting a clear and crucial role of blood complement system in recognizing
NP surface and subsequent phagocytosis. Importantly, NPs with similar hydrophobicity, but
constitutional isomeric head-group, demonstrated altered corona identity and macrophage
uptake, signifying the critical role of chemical design in nanomedicine.

RESULTS AND DISCUSSION

We synthesized a family of gold NPs of the same core size (~2 nm core) differing in their
monolayer functionality (Figure 1) to probe the role of NP surface chemistry on protein
corona formation and macrophage uptake.
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All gold NPs were synthesized from the same batch of pentanethiol capped gold NPs2’
followed by a place exchange reaction as described previously.28 A key feature of this NP
design is the tetra(ethylene glycol) moiety in the NP monolayer that improves solubility and
help expose the terminal functional groups on the surface of the NP, allowing us to probe the
direct effect of surface chemistry on NP protein corona formation.2° In addition, the similar
hydrodynamic radii and zeta potential of these NPs in buffer and cell culture media (Table 1)
provide a suitable platform to directly probe the monolayer structure-property relationship
(SAR) on corona formation and macrophage uptake. We further chose surface
hydrophaobicity as a representative variable due to its importance in a variety of critical
delivery-related parameters including cellular uptake,30 hemolysis,3! biodistribution,32 and
immune response33. Most importantly, the atomic level control of the design allowed us to
fabricate NP bearing constitutional isomeric headgroups (e.g., NP5 and NP6) to probe their
effect on the protein binding and macrophage uptake.

Previously, we have demonstrated that cationic NPs can effectively bind to the anionic
proteins at physiological pH.34-3¢ However, this ‘one binding site’ model cannot address the
complex nature of NP-protein interaction in serum that contains thousands of proteins of
wide variety of physicochemical properties. To this end, we have studied the NP-protein
interaction in 10% and 50% serum, mimicking /n vitroand in vivo conditions. Previous
reports have shown that NP-bound serum proteins have two different layer, ‘soft’ corona
(reversibly bound proteins) and ‘hard’ corona (irreversibly bound proteins).37-39 Hard
corona proteins tend to stick with NP surface for longer time and can essentially dictate the
NP biodistribution and macrophage uptake.? We have studied the identity of ‘hard’ corona
proteins using shotgun proteomics*142 (liquid chromatography tandem mass spectrometry
(LC-MS/MS)).43 Although other studies identified numerous proteins in the hard corona
composition,* we have successfully identified and semi-quantitatively analyzed corona
composition of surface engineered NPs, comprising nearly 100 different types of proteins.
The full list of NP-surface bound and control serum proteins identified including their
molecular weight and relative abundance can be found in Supplementary Document S1 and
S2. First, although there were no distinct protein-size dependent binding profile in NP1-NP6
(Figure 2a), we observed an enrichment of proteins with lower molecular weight compared
to control serum (Supporting Information, Supplementary Figure S1) both in 10% and 50%
serum conditions. Second, proteins bearing a net negative charge (pl<7) at pH 7.4 were
significantly enriched the corona composition for NP1-NP6 irrespective of their relative
abundance in serum, demonstrating that the binding of NP1-NP6 is predominantly
electrostatic (Figure 2b). Significantly, the binding profile of proteins was greatly altered in
different serum concentrations; proteins with pI>8 were enriched in 50% serum compared to
10% serum, depicting the dynamic nature of the corona evolution in higher serum
concentration. Third, the hard corona protein found on the NP surface does not correspond
to their abundance in serum, signifying a high degree of selectivity in NP-serum interaction.
For example, serum albumin is the most abundant protein in serum (comprises ~60-70% of
serum proteins) but it was not the highest abundant protein detected in the corona for any
NPs. Instead, corona was significantly enriched with proteins that have very low abundance
or below detection limit, e.g. complement component 3, but have major role in opsonization
(Supplementary Document S1 and S2).45: 46
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To understand the role of specific chemical group on corona formation and subsequent effect
on NP fate in blood, we have further employed bioanalytical tools*’ to classify the identified
proteins according to their function in blood namely complement activation, immune
response, coagulation, acute phase response, and lipid metabolism (Figure 3). In our
analysis, immunoglobulins and apolipoproteins were major protein types (~60% of total
protein) that were found in corona composition, regardless of NP surface composition, when
incubated in 10% (Figure 3) and 50% serum (Figure 4). Notably, the number of identified
proteins in 10% serum was higher than that of in 50% serum. This is presumably happened
due to the fact that in diluted serum samples the interaction between NP and serum proteins
is predominantly reversible in nature while at high serum concentrations the abundant serum
proteins can mask NP surfaces, thereby decreasing the access of low abundant proteins to
NP surfaces. Apolipoproteins are involved in a variety of cardiovascular and
neurodegenerative diseases;*® thus, their binding to the surface of NPs can affect the NP
biodistribution.4® Notably, the amount of apolipoproteins was decreased with increasing NP
surface hydrophobicity, confirming the key role of NP hydrophobicity in apolipoprotein
formation in 10% serum. However, at higher amount of proteins (50% serum), we did not
observe a significant correlation between the amounts of apolipoproteins and NP
hydrophaobicity, demonstrating the critical role of protein amount in variation of protein-NP
interactions (Figure 4b).

As such, all NPs strongly interacted with immunoglobins that are highly abundant in blood,
play critical role in immune reaction, and promote phagocytosis.>® In 10% serum with
increasing hydrophobicity, the amount of immunoglobulins were decreased on NP surface
(Figure 3c), however, in 50% serum the opposite trend was observed (Figure 4c), mirroring
significant change in behavior of NP-protein interaction at different protein concentrations.>!
However, a 3—4 fold enrichment of complement proteins were observed for all NPs in both
10% and 50% serum compared to control (Figure 3d and 4d), indicating complement system
plays a crucial role in interacting with NP surfaces and might be responsible of clearing
these 2 nm cationic gold NPs from the systemic circulation via reticuloendothelial system.
Importantly, NP surface design also played a vital role in determining the interaction with
particular complement proteins. For example, NP3 demonstrated a 2.5 fold increase in
complement component 3 (C3) on its surface compared to control serum sample, however,
NP4 that bears a similar number of carbon atoms showed ~7 times enrichment of C3 in its
corona in 10% serum (Supplementary Document S1), signifying that a small change in
chemical group arrangement can greatly alter the corona composition on NP surface.

Although acute phase response proteins present in high amount in serum, no significant
enrichment was observed in both 10% and 50% serum (Figures 3e and 4e). However, a
similar and/or decreased affinity of coagulation protein was observed in case of coagulation
proteins when incubated with different concentrations of serum (Figures 3f and 4f). The
“tissue leakage” proteins, that are very low abundance in serum but are involved in many
diseases,>2 were also significantly enriched on NP surface. Significantly, the long carbon tail
of NP6 amassed more “tissue leakage” proteins compared to NP5 with branched end group
(Figures 3g and 4g), again mirroring the fact that branched/cyclic structural design on NP
instead of linear chemical functionality can potentially decrease the protein corona
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formation on NP surface, in 10% serum. Finally, the other major components of serum
including albumin displayed a lower affinity for these NPs (Figures 3h and 4h).

In our analysis, complement factors were shown to be significantly enhanced on NP surface
and are expected to play a major role in NP phagocytosis. To understand the role of NP
surface functionality on the phagocytosis, we performed cellular uptake of NP1-NP6 upon
incubation with RAW 264.7 (murine macrophage) in 10% and 50% human serum (Figure
5). In general, hydrophobic NPs demonstrated lower uptake compared to hydrophilic NPs in
both serum concentrations whereas control experiment in serum-free media demonstrated
high non-specific uptake for all NPs (Supplementary Figure S2), a feature that has been
observed in prior studies.3. Significantly, NP5 and NP6 bearing branched and linear alkyl
tail with same carbon atoms showed similar uptake pattern in serum free media
(Supplementary Figure S2) but showed significantly different uptake in 10% serum, further
attesting the fact that both type and arrangement of NP surface functionality®3 can dictate
specific protein adsorption leading to differential macrophage recognition. However, the
uptake of these two particles was similar in 50% serum, presumably due to the fact that
higher serum concentration can mask the minute changes in NP chemical functionality and
alter its behavior for macrophage recognition. It is also important to note that all NPs were
non-toxic at the concentration (50 nM) tested for this experiment (Supporting Information,
Supplementary Figure S3).

We further investigated the correlation between the uptake pattern and corona formation of
NP1-NP6 to determine the type of proteins that in general contributed to macrophage
recognition. Figure 6 shows the Pearson correlation coefficients (r) of proteins found in
corona with uptake values in 50% serum. In general, proteins from complement, lipoprotein,
and coagulation categories showed high positive correlation with the macrophage uptake,
confirming that these three protein category has significant influence on macrophage uptake.
Significantly, the presence of complement proteins in the corona has favored the uptake of
NPs in macrophages while a reverse behavior has been observed in case of
Immunoglobulins. This analysis clearly demonstrates that although immunoglobulins were
found in high amount on NP1-NP6 surfaces in 50% serum, there is a significant
competition/reorganization of low abundant protein moieties (e.g. complement factors,
coagulation) on NP surfaces that eventually led to macrophage recognition. Analysis in 10%
serum yielded similar negative correlation with NP uptake and immunoglobulins, however, a
positive correlation was observed with a number of lipoproteins, demonstrating protein
concentration plays a critical role in corona dependent macrophage uptake (see Supporting
Information, Supplementary Figure S4).

C4BPA and IGLC2 showed highest positive and negative correlation coefficient (r) with
macrophage uptake (Figure 6). CABPA has the capability to bind to apoptotic/necrotic cells
to identify them for immune system for cleaning up.>* 9° Interestingly, some of the bacterial
(e.g., Streptococcus pyogenes) and fungal pathogens would be established as infection,
through binding of C4BP proteins to their membrane.>6-58 Therefore, one can expect that
the association of C4BPA-based proteins in the composition of protein corona may cause
higher uptake of NPs by macrophages. To understand the specific role of NP surface
functionality that yielded this behavior, we further studied the uptake behavior of the NPs
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with respect to the amount of proteins that have the highest correlation with the NP uptake
pattern (namely C4BPA and IGLC2). Figure 7 shows the correlation between macrophage
uptake of NP1-NP6 and these corona proteins in 50% serum. The results show that
hydrophillic NPs (NP1 & NP2) showed high C4BPA adsorption (Figure 7a; Pearson
correlation coefficient of 0.80 with P-Value <0.1) and consequent high uptake while
hydrophobic NPs showed moderate to low adsorption with lower macrophage uptake,
demonstrating an effective way to reduce macrophage recognition by modulating NP surface
hydrophobicity. On the other hand, higher adsorption of IGLC2 (Figure 7b; Pearson
correlation coefficient of 0.82 with P-Value <0.05) on hydrophobic NP surface consequently
decreased their uptake by macrophages, demonstrating simple engineering of NP surface can
either attract or repel particular serum proteins that eventually lead to macrophage
recognition. Taken together, the amount adsorbed and subsequent uptake were dictated by
the type of NP surface used, providing an essential design parameter for regulating
macrophage recognition via surface chemistry of NPs.

CONCLUSION

In summary, we have demonstrated that NP surface functionality dictate the formation of
protein corona in both /n vitro and physiological serum concentrations. Significantly, this
differential evolution of corona on NP surface was altered not only with NP surface
hydrophaobicity but also with the arrangement of organic end group on NP surface. For
example, NPs featuring branched or cyclic end groups, in general, adsorbed less proteins
compared to linear structures with similar hydrophobicity. This formation of protein corona
further dictated the uptake in macrophages and was shown to be highly correlated to specific
complement proteins in both 10% and 50% serum conditions. Moreover, the uptake was
both positively or negatively correlated to specific type of proteins and dictated by type of
NP surface functionality, demonstrating significant contribution stemming from NP surface
to organize the corona proteins and subsequent macrophage recognition. This study provides
critical guidelines for engineering the NP surface that can either avoid or harness key protein
components from serum for different therapeutic applications and attests the importance of
chemical design in controlling the /n situ formation of NP protein corona.

METHODS

Nanoparticle synthesis and characterization

Gold nanoparticles cores (d~2nm) stabilized with a monolayer of 1-pentanethiol were
synthesized following the Brust-Schiffrin methodology.23 All the impurities were removed
according to previous protocol.>® Murray place-exchange reaction?* was performed by
dissolving the synthesized thiolated ligand®? in dry dichloromethane (DCM) with the
pentanethiol-capped gold cores, stirring for 3 days at room temperature (5:1 w/w ratio of
ligand/gold cores). DCM was then evaporated under reduced pressure and the black residue
was dissolved in distilled water. Dialysis was performed for 5 days (membrane MWCO =
10,000) to remove excess ligand and salts remaining in the nanoparticle solution. After
dialysis, the particles were lyophilized and dissolved in deionized MQ water. NP
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hydrodynamic radii and zeta potential were measured using Zetasizer instrument (Zetasizer
Nano ZS, Malvern) according to the previous reports.31:33

Nanoparticle incubation in human serum and protein isolation

Human serum was collected/purchased from healthy voluntaries. Written informed consent
was obtained from all participants. The methods were carried out in accordance with the
approved guidelines. This was approved by the Medical Ethical Committee of the Academic
Medical Center (W11 084/#11.17.864). 100 pL of AuNPs (1uM) were mixed with 400 pL
of human serum (for 10%: 50 uL of human serum and 350 pL of PBS; for 50%: 250 pL of
human serum and 150 uL of PBS) and incubated for 1h at 37 °C. The mixture were then
centrifuged at 13 000g at 15 °C for 30 min. The supernatant was removed and the collected
corona coated AuNPs was redispersed in 500 pL of cold (15 °C) phosphate buffered saline
(PBS). The solution was centrifuged again (at the same condition) and the collected particles
were redispersed in 500 pL of cold (15 °C) PBS. After another centrifugation process, the
hard corona coated particles were introduced to LC MS/MS procedure.

Mass spectrometric detection of NP-bound proteins

The nano liquid chromatography (n-LC) combined with tandem mass spectrometry (nLC-
MS/MS) was used to identify the NP-bound proteins (corona layer of NPs), calculate the
total spectra count of all peptides matched to a specific protein, and finally normalized for
molecular weight (Mw) of each protein to assess relative quantitative concentration of each
protein present on the corona of NP. The equation used for the semi-quantitative assessment
of each protein present on the corona is as follows which was described in previous
studies:43

NpSpCl=( (SPC/ (M“’)’“> ) x 100

S (% an,)

NpSpCy is the normalized percentage of the spectral count for protein k, SpC is the spectral
count identified, and M,y is the molecular weight (kDa) of protein k. The SpC of each
identified protein was normalized to the protein mass and expressed as the Semi-quantitative
assessment of protein. This correction is based on the protein size and evaluates the relative
contribution of each protein present in the corona of NPs.

Nanoparticle uptake in macrophages

RAW 264.7 cells (murine macrophage) were cultured at 37 °C under a humidified
atmosphere of 5 % CO». The cells were grown in RPMI media containing 10 % fetal bovine
serum (FBS) and 1% antibiotics (100 U/ml penicillin and 100 ug/ml streptomycin). For the
uptake experiment, 250,000 cells/well were plated in a 48-well plate prior to the experiment.
After 24h, cells were washed one time with PBS followed by NP treatment (50 nM/well) in
either 10% or 50% serum for 3 h. Following incubation, cells were washed three times with
PBS, lysed and the intracellular gold amount was measured using inductively coupled
plasma mass spectrometry (Elan 6100, Perkin-Elmer, Shelton, CT, USA). Each cell uptake
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experiment was done using at least five parallel replicates and each replicate was measured 5
times by ICP-MS. ICP-MS operating conditions are as below: rf power 1600 W; plasma Ar
Flow rate, 15 ml/min, nebulizer Ar flow rate, 0.98 ml/min and dwell time, 45 ms.

Statistical analysis

All quantitative measurements were collected at least three parallel replicates in each group
and data were expressed as mean + standard deviation. Pearson Correlation Coefficient
(PCC) were calculated to determine the relationship of uptake and corona protein of interest.
The Pearson Correlation can be any value between -1 and 1 depending on the extent of
collinearity. Negative values of r show a negative correlation between data sets.5!
Correlation matrix was calculated using IBM SPSS Statistics software; (IBM Corp. Released
2013. IBM SPSS Statistics for Windows, Version 22.0. Armonk, NY: IBM Corp.)

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The gold NPs used in the present study with increasing hydrophobicity. Log P denotes

relative hydrophobicity of the functional head-groups.
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Classification of surface bound proteins for NP1-NP6 according to their (a) molecular

weight and (b) calculated isoelectric point (pl). Corona was enriched with proteins across all
molecular weights for both 10% and 50% serum. In contrast, proteins with pI<7 were
adsorbed predominantly to NP1-NP6 at pH 7.4 for both 10% and 50% serum, demonstrating
that binding of NP1-NP6 with serum proteins is principally electrostatic in nature.
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Figureb.
Uptake of NP1-NP6 (50 nM) in RAW cells after 3 h in (a) 10% and (b) 50% serum. Error
bars represent standard deviation.
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Nanoparticle physiochemical properties.

Table 1

Page 19

Nanoparticle Hydrodynamic size (nm) in Hydrodynamic size (nm) in Zeta Potential (mV) in Calculated Log P of the
5mM PB pH 7.42 cell culture media? 5mM PB pH 7.42 ligand headgroup
NP1 109+3.1 11.4+33 152+6.9 0.02
NP2 128+29 10.1+£3.0 17879 161
NP3 99+28 13.0+27 21.7+7.6 2.05
NP4 104+£238 10.0+£3.0 19.7+438 2.66
NP5 11.0+3.0 10.7+24 249+9.9 3.19
NP6 9.9+29 11.8+38 18.2+8.6 3.72

a . o
Uncertainty represents the standard deviation of three parallel measurements
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