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ABSTRACT: There has been much interest in integrating various .
inorganic nanoparticles (nanoscale colloids) in biology and medicine.

However, buildup of a protein corona around the nanoparticles in

biological media, driven by nonspecific interactions, remains a major

hurdle for the translation of nanomedicine into clinical applications. %
In this study, we investigate the interactions between gold nano- ‘i % «%‘ /\ )*
particles and serum proteins using a series of dihydrolipoic acid

(DHLA)-based ligands. We employed gel electrophoresis combined )
with UV—vis absorption and dynamic light scattering to correlate

protein adsorption with the nature and size of the ligand used. For

instance, we found that AuNPs capped with DHLA alone promote

nonspecific protein adsorption. In comparison, capping AuNPs with Protein Corona S
polyethylene glycol- or zwitterion-appended DHLA essentially Formation

prevents corona formation, regardless of ligand charge and size. Our

results highlight the crucial role of surface chemistry and core material in protein corona formation and offer valuable
information for the design of colloidal nanomaterials for biological applications.

KEYWORDS: Nanobio interface, protein corona, gold nanoparticles, surface engineering, adsorption kinetics

1. INTRODUCTION particular, under harsh physiological conditions. Subsequently,
the challenges have shifted toward engineering a surface
coating that also reduces or eliminates nonspecific interactions
with biomolecules. For instance, Lequeux and co-workers
employed single molecule diffusion dynamics to evaluate the
role of the ligand in corona formation around luminescent
quantum dots in the cytoplasm of living cells. Among others,
they used single NP tracking to demonstrate that only QDs

In recent years, inorganic nanocrystals have garnered
significant attention for their potential applications in
developing biotechnological kits, and as platforms for
biodiagnosis and therapeutics.'~” Gold nanoparticles
(AuNPs), in particular, have several tunable photophysical
properties including size- and shape-dependent surface
plas'mon absorptlog properties, which can be exploited in surface-coordinated with a sulfobetaine (SB)-based zwitterion
optical sensor design, photothermal heating, and surface

. 21
enhanced Raman scattering.”” These properties make them polymer totally suppress protein corona formation.” In
highly attractive for use .in biology and medicine.'~'2 contrast, phosphocholine- and carboxybetaine-coated QDs
. . . L ’ undergo reversible protein adsorption or partial aggregation.
However, integrating these nanocrystals into biological systems Pro%ein corona isp the term usf d to desl():ribe nogngs egciﬁcall
necessitates good long-term colloidal stability combined with P U

i : . adsorbed proteins or other biomolecules onto poorly
compactness in overall size and controlled surface reactivity, in
1317 engineered nanoparticle surfaces, when introduced into a
Unfortunately, most

order to optimize such integration. - hvsiol | 29 T d
biquitously grown and tested AuNPs (e.g., citrate-coated) are physiclogical environment.” is process introduces a
ubq V8 8 complex and unpredictable “biological identity” to the

p c')orly stal.)lhz.ed .and ?end to _eXhlbl,t nonspecific 1nteract19ns nanocrystal that differs from the synthetic/chemical identity
with proteins in biological media. This promotes the formation

of a protein corona around the gold nanocolloids, which alters

their functionality, affects their physiological fate, and enhances Received: August 24, 2023

their toxicity when used in biological applications."®>° Revised:  February 21, 2024
At initial stages of developing nanomaterials for biomedical Accepted: February 28, 2024

investigations, coating strategies had focused on addressing Published: March 12, 2024

issues of colloidal stability of the nanocrystals in aqueous

media while preserving their photophysical properties, in
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Figure 1. (A) Schematic representation of the effect of the surface chemistry on the interactions of the AuNPs with albumin, and the ensuing
corona formation for DHLA-coating (top), or prevention of corona buildup (bottom) for zwitterion and PEGylated coatings. Chemical
structures of the ligands used: (B) DHLA, (C) Citrate, (D) DHLA-ZW, (E) DHLA-PEG.,-OMe, (F) DHLA-PEGg,-NH,, DHLA-PEG, o,-

NH,, (G) DHLA-PEG,,-COOH and DHLA-PEG50-COOH.

of the starting material.’*~>® It also alters the behavior of the
nanocolloids, resulting in several side-effects such as lower
targeting efliciency, reduced blood retention time, and
enhanced disease-induced nanotoxicity.”* ™’ Previous studies
have shown that corona formation is influenced by a few key
factors, including the nanoparticle size, shape, and composi-
tion, along with protein source, protein concentration,
incubation time, and temperature.**™*" Surface chemistry
plays a crucial role in governing the interactions of nanocrystals
with biomolecules.”***® Strategies like ligand exchange and
encapsulation, along with using ligands with antifouling
properties such as those presenting polyethylene glycol blocks,
glycans, or zwitterion motifs have been shown to minimize
corona buildup.*"****** 752 Gijven the recent growth of
using nanomaterials integrated with biological systems, as
nanoscale platforms to develop biosensors and diagnostic
methods, a sound understanding of the interfacial properties of
such platforms is still critically important. In particular, more
investigation of the nonspecific adsorption of biomolecules
(such as proteins in biological media) on nanocolloids
stabilized with various ligand coating strategies and how to
prevent that process are still needed.””** This will allow us to
gain additional in depth understanding of how the combined
core material makeup, size, shape, and stabilizing ligands used
can influence the corona buildup in complex media. It will also
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help researchers identify improved ligand designs that can best
prevent corona formation, improve in vivo stability, and reduce
toxicity of colloidal nanomaterials of interest.

In this study, we investigated the effect of surface chemistry
on the formation of the protein corona around AuNPs surface-
stabilized with dihydrolipoic acid (DHLA)-based ligands when
exposed to bovine serum albumin (BSA), fetal bovine serum
(FBS), or total serum protein as analogues for in vivo
conditions. By analyzing the electrophoretic mobility of various
surface-coated AuNDPs, we found that nanocolloids stabilized
with small ligands trigger protein adsorption and corona
buildup, with associated effects of the overall size on the
amount of adsorbed proteins. In addition, combining gel
electrophoresis and dynamic light scattering, we found that
introducing a PEG block or a zwitterion motif in the ligands
can effectively prevent corona formation. These findings
confirm the importance of surface chemistry in controlling
protein corona formation and can guide the design of colloidal
nanomaterials that are optimally adapted for use in biological
applications.

2. RESULTS AND DISCUSSION

1. Rationale. Nonspecific adsorption of biomolecules
such as proteins on colloidal nanocrystals can alter the net
surface charge and endow the nanocolloids with enlarged

https://doi.org/10.1021/acsnano.3c08005
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Table 1. Characteristics of 10 nm As-Grown OLA-AuNPs Side-by-Side with Those Subjected to Ligand Substitution with

Various DHLA-Modified Ligands Used in This Study

ligand OLA DHLA-PEG,5,- DHLA-PEG,- DHLA-PEG,- DHLA-PEG  0- DHLA-PEG, 40- DHLA- DHLA-

used (native) OMe NH, COOH NH, COOH ZW AuNPs
Ry(nm) 6.4 9.1 9.0 9.5 9.0 9.3 8.3 8.0
PDI? 0.04 0.08 0.06 0.02 0.1 0.1 0.1 0.2
SPR (nm) 521 521 522 521 521 521 521.5 518

“PDI is the polydispersity index extracted from fitting the autocorrelation function of the scattered signal (see Supporting Information). PDI < 0.1
observed essentially for all samples implies a size distribution (AR;/R,) < 10%.

overall dimensions that account for the native core plus the
newly adsorbed proteins. These two effects can be accounted
for by tracking changes in the electrophoretic mobility of the
nanocolloid migration in low density cross-linked polymers,
such as an agarose gel. It was shown in early work by Rodbard
and Chrambach in 1970 that the electrophoretic mobility, M,
measured for any migrating species (e.g, a nanoparticle)
through a gel under applied electric voltage depends on the gel
concentration, ®, following the expression.>>~>

loglo(M) = loglo(MO) - K@ (1)
where M| refers to particle mobility in the absence of the gel,
and the retardation coefficient (or slope of the line), Ky, is
constant for any specified charged molecule and for constant
cross-linking percentage of the gel. Furthermore, interactions
with the gel network yields retardation coeflicient that exhibits
a strong dependence on the particle size. In particular, it was
reported that Ky varies linearly with the particle size for low-
concentration gels like those made of one-dimensional fiber
polymers such as agarose gel.*>*°

We take advantage of these properties and use gel mobility
measurements to extract valuable information about the
correlation between surface coating and corona formation on
spherical gold nanoparticles of different sizes. The nano-
particles are stabilized with different coordinating molecules
via ligand exchange reaction. More precisely, we use three sets
of AuNPs. One set (10 nm dimeter) is grown under
hydrophobic conditions with a native coating made of
oleylamine, reported by Swihart and co-workers.>® The average
diameter for our NPs was extracted from TEM measure-
ments.”” The other two are citrate-stabilized 5 and 30 nm
diameter NPs and have been grown in aqueous solutions, as
reported by Puntes and co-workers.””®" Those authors have
built on the original growth strategy developed by Turkevich
and Frens using citrate ligands to control the NP diameter over
a broad size range.®”*> We should note that the above size
range of NPs is comparable to the dimensions of most serum
proteins (TEM images of the various AuNPs before and after
ligand substitution are provided in the Supporting Information,
Figure S1).5%63

In this study, we rely on the ligand exchange strategy using
dihydrolipoic acid (DHLA)-based coordinating ligands to
transfer oleylamine- or citrate-capped AuNPs to phosphate
buffer saline (PBS) 1X, at pH 7.4, which mimics physiological
conditions. The strong affinity of thiol-to-gold surfaces
combined with the bidentate nature of the dithiolane groups,
compared to their monothiol counterparts, reduces the rate of
ligand desorption and results in a more stable coordination
overall.'">*® We tune the surface chemistry by modifying the
size and structure of the hydrophilic motif, which affects the
surface charge, hydrodynamic radius, the colloidal stability, and
the interactions of the nanoparticles with native proteins in
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biological media. For instance, incorporating functional groups
such as amine, carboxyl, and methoxy into the ligand structure
endows the NPs with positive, negative, or neutral surface
charge under physiological conditions; hence, the structures of
ligands affect NP interactions with water and other
surrounding molecules. Figure 1 provides a summary of the
ligand structures used in this study. Characterization of the
AuNP dispersions before and after ligand exchange using TEM
imaging, '"H NMR and FT-IR spectroscopy, along with UV—
vis absorption and dynamic light scattering measurements is
summarized in Table 1 and the Supporting Information, Table
S1 and Figures S1—S6. The molar concentrations of the
AuNPs used for our electrophoresis experiments were chosen
to provide strong enough SPR signals that allow visualization
of the mobility bands in the gel, while guaranteeing dilute
conditions (large average separation distances between the
NPs in the medium). Lower concentrations were used for
larger size NPs, in order to maintain comparable overall solute
surfaces for the various NP dispersions.

Our approach to evaluating corona formation relies on
measuring changes in the mobility shift of the nanocolloids in
agarose gel, when mixed with different molar equivalence of
bovine serum albumin (BSA). Since the shift in the
electrophoretic gel mobility is strongly affected by the net
surface charge and overall size of the NPs, such a property can
be easily altered by corona formation, where adsorption of
proteins would increase their size and alter their surface charge.
These properties make gel electrophoresis an informative tool
for understanding corona formation around nanocolloids.
Overall, we varied the concentration of BSA added to the
dispersion from 0 to 200 pM. This allowed us to investigate
nonspecific protein-to-NP interactions at concentrations
relevant to those used in both in vitro and in vivo experiments.
The mobility bands have been imaged by exploiting the typical
reddish-pink color emanating for the surface plasmon
resonance signature of spherical AuNPs, under white light
exposure.

2.2. Protein Corona Buildup Around DHLA-Stabilized
AuNPs. 2.2.1. Developing Saturation Profiles for Corona
Proteins. We start with 10 nm diameter AuNPs, grown under
hydrophobic conditions using a high temperature reaction,
where the native oleylamine coating is substituted with
dihydrolipoic acid. The latter is a small molecule made of a
short hydrophobic alkyl chain appended with two thiol groups
at one end and a carboxylic acid group at the other end; DHLA
promotes water solubility of the nanocrystals but only under
basic conditions (pH > 7).°” Additionally, its ability to endow
long-term stability to large size nanocolloids is rather
limited.'”*® Here, DHLA coating provides a good reference
system for acquiring valuable data on corona formation around
a set of AuNPs coated with other DHLA-based ligands, which
have been applied in biology.®”~"* Figure 2A shows

https://doi.org/10.1021/acsnano.3c08005
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Figure 2. Agarose gel electrophoresis images collected from various size DHLA-stabilized AuNPs, showing progression of the mobility shift
with the [BSA]/[AuNP] molar ratio used. The positive and negative signs (on the left) represent the anode and cathode, whereas the dashed
line shows the loading wells. The data shown are for (A) 10 nm, (B) $ nm, and (C) 30 nm diameter NPs. Insets showing expanded gel
images spanning smaller [BSA] ranges are placed below the main gels in panels A and B. The dispersions were incubated with BSA for 30
min at room temperature. (D) Plot of the saturation, S, as defined in eq 2, vs [BSA], extracted from the gel data shown in panels A, B, and C.
The dashed lines are fits to eq 3. We note that the band in wells 1 and 2 in the gel in panel C appears slightly blueish, which is due to
interactions with the TBE buffer used in the gel electrophoresis experiment. This can result in slight destabilization of the dispersions.
However, the band regains its pinkish color after mixing with BSA, suggesting a beneficial effect of protein adsorption on the NPs.

representative gel images acquired from dispersions of AuNPs
which have been incubated with BSA in PBS buffer at a molar
excess ranging from 0:1 to 1000:1 for 30 min at room
temperature. The image shows that the pure DHLA-AuNP
dispersion experiences the largest mobility shift toward the
anode (lane 1 in the gel), a result attributed to the net negative
surface charge of the AuNPs endowed by the terminal COOH
groups in the coating. Additionally, a narrow mobility band is
formed, implying that a single population of nanocolloids
characterizes the DHLA-AuNP dispersion. As the concen-
tration of BSA increases, the mobility shift progressively
decreases and eventually saturates at ~20 uM, corresponding
to a [BSA]/[AuNP] molar ratio of 400:1. This is indicative of
a change in the size and/or charge of the AuNPs that directly
depends on BSA concentration. The gel data also show that
the most pronounced changes occur within the range of molar
ratios between 0:1 and 20:1. We also note smearing of the
migration band for the smaller excess ratio (i.e., 10:1), which is

8652

indicative of a heterogeneous distribution of albumins around
the AuNPs.”> Here, variation in the number of bound proteins
per NP manifests in different but close-spaced electrophoretic
mobility shifts for the same sample, producing a broadened
and smeared overall band. Variation in the number of self-
assembled adsorbed (or coordinated) proteins around a NP
can be described using a Poisson distribution function, the
effects of which are drastic at low valence (low protein-to-NP
ratio), as detailed in reference 75.

Next, we investigate the effects of varying the nanoparticle
size by expanding the gel electrophoresis experiments to 5 and
30 nm diameter DHLA-AuNPs, prepared via ligand exchange
starting with citrate-NPs introduced above. We note that the
size range of our three sets of AuNPs is overall comparable to
those measured for most serum proteins.éd"65 Small size AuNPs
have lately drawn growing interest for use in in vivo
applications.z’%_78 Figure 2B,C show that changes (i.,
reduction) in the mobility shift are most pronounced for

https://doi.org/10.1021/acsnano.3c08005
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lower [BSA] before reaching saturation at higher protein
concentrations, a trend comparable to the one observed for the
10 nm NPs. Nonetheless, the migration bands for both sets are
slightly broader than those measured for the 10 nm NPs. A
more pronounced smearing at low molar ratios can also be
seen in those gels, which is indicative of the presence of
heterogeneous population of NPs with a varying number of
adsorbed proteins, as discussed above. Additional subtle
differences in the progression of the mobility data toward
saturation measured for the different sets of AuNPs exist.
Namely, saturation requires higher molar excess of proteins for
larger NP diameters (i.e,, NPs with larger surfaces), see Figure
2A-C.

We attribute the measured changes in mobility shift of
AuNPs migrating through the gel network to surface-adsorbed
proteins. One can thus exploit the dependence of the mobility
changes as a function of [BSA] to extract a saturation curve
that accounts for the BSA binding affinity to each set in the
three DHLA-AuNPs tested. Such a curve can be generated
from the mobility data shown in Figure 2 using the
relationship:**

dy—d
4o d @)
where dy, d, and d,, respectively represent the migration
distance of the AuNP band from the loading well in the
absence of proteins (ie., [BSA] = 0 uM), at a given value of
[BSA] and at saturation concentration. An S-shaped plot is
generated for all three sets of NPs, which can be fit using the
Hill function expressed as’~

sat

[BSAT"
y=aXxX ———0
K4 + [BSA] 3)

Such a fit provides values for the apparent dissociation
constant (K;) and the Hill coefficient (1), see the dashed line
in Figure 2E. These values yield information about the protein
concentration corresponding to 50% saturation and the
cooperativity mode of protein binding onto the NPs,
respectively.””®' The values for the Hill coefficient, n, and
the dissociation constant, K;, deduced from fits to the
saturation data for all three sets of AuNPs are summarized
in Table 2. The values extracted for the Hill coefficient imply
that protein adsorption onto DHLA-capped AuNPs is
essentially noncooperative for all three sets of NPs.*” The
value for Ky extracted from fitting the mobility data is
essentially comparable for all three sets of AuNPs. They are
also close to the values we reported for corona buildup around

0,8

Table 2. Thermodynamics Parameters for the Nonspecific
Adsorption of BSA onto DHLA-AuNPs of Different Size”

AG
DHLA- [AuNPs] Ky &/ number of BSA per
AuNPs (nM) n (uM)  mol) NP at saturation
S nm 100 1.1 0.74 =35 15
diameter
10 nm S0 091 0.65 =35 27
diameter
30 nm 1 0.95 0.70 -35
diameter

“The concentrations for the AuNPs used in the gel measurements
were 100 nM (for $ nm), 50 nM (for 10 nm), and 1 nM (for 30 nm).
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luminescent, DHLA-stabilized CdSe-ZnS QDs for which Ky ~
0.96 uM was measured.”*

The above mobility data are corroborated by dynamic light
scattering measurements, which were limited to 10 nm DHLA-
AuNPs incubated with varying concentrations of BSA for 30
min. Corona formation was evaluated by tracking changes in
the hydrodynamic radius, Ry, as a function of [BSA]. We note
that lower concentration of NPs and BSA (compared to those
used in the gel electrophoresis experiments) were employed, as
strong enough scattering intensities can be generated and
effectively exploited for DLS measurements and analysis.””*>
Additional details about DLS are provided in the Supporting
Information, see Figure S6. Figure 3A,B show representative
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Figure 3. Changes in the hydrodynamic radius, Ry, measured for
AuNPs with different ligand coatings following incubation for 30
min with varying BSA-to-AuNP molar ratios. (A) Histogram of the
hydrodynamic radius of DHLA-AuNPs (10 nm) incubated with
increasing BSA-to-AuNP molar ratios. The color scale at the right
shows increasing [BSA]/[AuNP] from 0:1 to 4000:1. Inset shows
the peak shift as well as broadening indicative of progressive
protein adsorption around the AuNPs. (B) Plot of Ry of DHLA-,
DHLA-ZW-, and DHLA-PEGgy,-NH,-capped AuNPs vs [BSA]/
[AuNP] ratios. Dashed lines are guidelines drawn through data.

histograms of the intensity vs Ry extracted from the scattered
intensity profiles for several molar excesses of BSA. Data show
that even though a single peak profile has been measured for all
conditions tested, indicating an absence of aggregate
formation, there is pronounced broadening of the histograms
which manifests in a larger polydispersity index (PDI) for

https://doi.org/10.1021/acsnano.3c08005
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samples with a higher [BSA] compared to the starting AuNP
dispersion (see Figure 3A). These features imply that larger Ry
values are measured for the AuNPs incubated with increasing
[BSA]. Notably, an S-shaped curve for Ry vs [BSA] has been
extracted from the DLS data (Figure 3B). The larger value for
the hydrodynamic radius measured at saturation, Ry ~ 15.7
nm, compared to the one measured for the AuNP only sample
(Ry ~ 8.4 nm), accounts for the contribution of the surface
adsorbed BSA; i.e., there is a protein corona buildup with a
thickness of ~7.3 nm (see Table 3). We note that the above

Table 3. Hydrodynamic Radius Extracted from DLS Data
Shown in Figure 3, Using 10 nm Diameter AuNPs That
Have Been Ligand Exchanged from OLA to Various DHLA-
Modified Ligands

estimated
Ry (nm) in Ry (nm) in the corona
measured [AuNP] absence of presence of BSA at thickness
Ry (nm) (nM) BSA saturation (nm)
DHLA- 10 8.4 15.7 7.3
AuNPs
DHLA- 10 9.0 9.1 none
PEG5,-
OMe-
AuNPs
DHLA- 10 8.9 9.0 none
PEGggo-
H,-
AuNPs
DHLA-ZW- 10 8.0 8.9 none
AuNPs

thickness should not be simply viewed as the static diameter of
the proteins, because the hydrodynamic radius accounts for the
effects of hydrodynamic interactions between diffusing solute
objects (here AuNP-plus-corona).”

The above data on the equilibrium constant can be used to
extract an estimate for the change in the free energy, AG,
associated with the adsorption reaction of BSAs onto the
DHLA-AuNPs, using the thermodynamic relation:**

AG = RT In K, (4)

where R is the ideal gas constant and T is the temperature.
This provides the means to correlate changes in the free energy
of the system to the NPs used.*”** The AG values deduced for
three sets of NPs (shown Table 2) are negative for all three
sets of AuNPs. They indicate that for all three NPs the
formation of an NP—protein complex is energetically favorable
and thus spontaneous.

2.2.2. Modeling the Protein Packing around DHLA-
Stabilized AuNPs. From the thermodynamic definition of
the dissociation constant, one can deduce an estimate for the
concentration at saturation for all three sets of AuNPs:"'

K4 ~ [BSA] at 50% saturation = [BSA], ~ 2 X K;  (5)

Using the experimental data shown in Figure 2 and
normalizing with the respect to the [AuNP] in the samples,
we can deduce a value for the number of BSAs adsorbed
around an individual AuNP for each set under the used
conditions. We deduce that at saturation there are 15 and 27
BSAs in the corona layer around one individual nanocrystal for
the 5 nm and 10 nm (see Table 2).

We now attempt to model the number of BSAs in a corona
layer around an individual AuNP using close-packed protein
arrangement. Under these conditions, the total number of

sat
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BSAs surrounding a AuNP in a monolayer is given by the
expression:m'86

R, — Ry
NBSA:0-65X[( tot 3NI")}
R
BSA

(6)

where Ryp is the radius of DHLA-AuNPs, Ry, is the average
radius of BSA, and R, = Ryp + 2 X Ryga. To account for the
steric considerations, a filling factor ¢ 0.65 is used,
corresponding to approximating BSA as a hard prolate
spheroid.””*” Here, a sphericity value of 0.996 was used, see
Supporting Information.

When using a close-packed model for the adsorbed proteins
around the NPs, we consider the anisotropic structure of
protein. A BSA molecule has an elongated conformation (i.e.,
an ellipse or an elongated ellipsoid) with a large dimension, L
= 14 nm, and smaller dimension, | = 4 nm.*® Given this
asymmetry, the overall thickness of the corona layer and the
number of proteins within will depend on how those proteins
ultimately adsorb on the NP surfaces. In the simplest
description, three distinct configurations can be envisioned,
namely, those where BSAs absorb on the nanocrystal surface
via their transversal plane, their longitudinal plane, or a
stoichiometric mixture of the two (see Figure 4A—C). The
schematics shown in Figure 4 indicate that the packing model
with BSA adsorbing on the NP via the lowest dimension (i.e.,
standing proteins) yields the highest number of bound
proteins, while the one having proteins laying flat on the NP
surface yields the lowest number. However, a stoichiometric
mixture of transversal and longitudinal packing is more realistic
for the present system. Under these conditions, the model
suggests that there would be 15 and 31 BSAs packed around
each nanocolloid for 5§ and 10 nm AuNPs, respectively. These
estimates are comparable to the experimental values (see Table
2). We did not apply the above analysis to the mobility data
collected for the 30 nm DHLA-AuNPs, because the colloidal
stability of these dispersions is rather limited, a property
attributed to the fatty and thin coating provided by these
molecules. The colloidal stability is primarily imparted by
electrostatic interactions promoted by the terminal COOH
groups. Additionally, a much lower NP concentration was
used, which further weaken the dispersion colloidal stability
given the dynamic nature of the ligand coordination on the NP
surfaces. Rather a diffuse corona layer may be more descriptive
of the protein adsorption on this set of nanocrystals.*"*

Our results are overall consistent with data reported in
previous studies using only citrate-AuNPs, where the groups of
Puntes and Nandi have separately reported that nonspecific
protein adsorption onto smaller size NPs exhibit faster binding
kinetics compared to adsorption onto larger ones.*"*>”° Nandi
and co-workers combined DLS measurements with molecular
docking simulation to demonstrate that an increase in the size
of citrate-AuNPs induces variation in albumin binding
orientation, along with changes in its secondary structures.
Additionally, circular dichroism spectroscopy measurements by
the same group revealed that the secondary structure of
proteins experiences pronounced changes following adsorption
onto 10—15 nm size AuNPs. Our surface coating strategy,
relying on ligand substitution with dithiol coordinating
molecules, combined with the use of gel electrophoresis
experiments complement the works reported by Puntes and
Nandi’s groups. For example, we found that using a dithiol
coordinating DHLA ligand, which has higher affinity for gold

https://doi.org/10.1021/acsnano.3c08005
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Figure 4. Schematic models for the corona layer thickness using
the close-packed protein arrangement around the NP. Three
configurations are shown: (A) Proteins are transversally arranged
on the NP (adsorption occurring through the smaller cross-
section), resulting in dgg, = 14 nm. (B) Proteins are adsorbed via
longitudinal cross-section, yielding dyg4 = 4 nm. (C) Proteins are
adsorbed via a mixture of longitudinal and transversal cross
sections, resulting in dgg, & 9 nm. (D) Graphs showing the average
numbers of BSAs in a corona layer around each NP as a function of
the [BSA]/[AuNP] for the 5 and 10 nm AuNPs extracted from the
gel data shown in Figure 2.

surfaces than citrate or CTAB molecules, but lacks a distinct
hydrophilic motif, promotes corona formation on the AuNPs.
However, insertion of a PEG block or a zwitterion motif in the
coating completely alters the behavior of the system.

2.3. Preventing Corona Formation Using DHLA-PEG-
and DHLA-Zwitterion Coatings. Several prior studies
probing corona buildup around various nanocolloids using
techniques such as DLS and ITC have suggested that protein
affinity to nanomaterials depends on a variety of parameters,
including surface charge and polarity of the coating
ligands.>>”'~** For instance, the binding affinity of BSA onto
Au surfaces coated with self-assembled monolayers of
alkylthiol molecules was found to depend on the terminal
functional group, with the trend C;H ;OH > CH; > COO™ >
NH," > HO™ > oligoethylene glycol.”> A few groups have
reported that incorporating a polyethylene glycol (PEG) block
into the ligand structure can reduce corona buildup on
colloidal NPs.**?®?” Here, we test the ability of several
coordinating ligands (which we have designed and synthe-
sized) that combine a DHLA anchoring group and a
hydrophilic motif to prevent corona buildup onto colloidal
AuNPs. The ligands shown in Figure 1 present hydrophilic
motifs that include a methyl ether terminated polyethylene
glycol block with Mw = 750 Da (DHLA-PEG,s-OCH;), a
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zwitterion (N,N-dimethylpropanediamine-sulfobetaine) group
(DHLA-ZW), a COOH-appended DHLA-PEG, (DHLA-
PEG4p-COOH), a COOH-appended DHLA-PEG
(DHLA-PEG,(0;-COOH), an amine-appended DHLA-
PEGgy (DHLA-PEG4y-NH,), and an amine-appended
DHLA-PEG, o0 (DHLA-PEG;5-NH,). They were used either
pure or in combination(s) to prepare six sets of hydrophilic
AuNP dispersions via ligand exchange of OLA-AuNPs with (1)
pure DHLA-ZW (DHLA-ZW-AuNPs), (2) pure DHLA-
PEG,5;-OCH; (DHLA-PEG,5-OCH;-AuNPs) (3) a ligand
mixture of 70% DHLA-PEG,5,-OCH; and 30% DHLA-
PEGgo0-COOH (DHLA-PEG z0,- COOH-AuNPs), (4) a ligand
mixture of 70% DHLA-PEG,5,-OCH; and 30% DHLA-
PEG,4,-COOH (DHLA-PEG,40,-COOH-AuNPs), (5) a
ligand mixture of 70% DHLA-PEG,5,-OCH; and 30%
DHLA-PEG,-NH, (DHLA-PEG,-NH,.-AuNPs), and (6)
a ligand mixture of 70% DHLA-PEG,5-OCH; and 30%
DHLA-PEG09-NH, (DHLA-PEG, ;- NH,—AuNPs). Disper-
sions 1 and 2, which are respectively prepared using a neutral
PEG-OCHj; and a charge balanced sulfobetaine, which present
a net charge of zero, should in principle exhibit no migration
band in the gel(s). Nonetheless, experimentally AuNPs and
other nanocolloids stabilized with DHLA-ZW tend to exhibit a
net negative zeta potential, which results from the differential
binding of counterions in the surrounding medium onto the
positive and negative groups of the zwitterion, followin§ the
concepts formulated in the hard/soft acid/base theory.9 For
instance, a zeta potential of —27 mV was recently reported for
DHLA-ZW-AuNPs."* The various ligand exchanged AuNPs
1—6 were dispersed in PBS buffer. Aliquots of these
dispersions were incubated with BSA at concentration ranging
from 0 to 50 yM for 30 min, mixed with loading buffer and
transferred to the gel wells. The loaded gels were then run
under an applied electric field of 6 V/cm for 40 min. More
details can be found in the Supporting Information. The gel
images acquired for the various samples show a clear
correlation between ligand structures and mobility shifts, see
Figure 5. The images in Figure SB show that while a minimal
mobility shift toward the anode is recorded for all the DHLA-
PEG;5,-OCH;-AuNP dispersions (bottom gel), the dispersions
of DHLA-ZW-AuNPs exhibited a more pronounced mobility
shift toward the anode for all wells, consistent with the larger
negative zeta potential of ZW-coated NPs (top gel). The
images in Figure SD show that the mobility bands have
consistently migrated toward the anode with the same mobility
shifts for all BSA concentrations for both sets of DHLA-
PEGgy-COOH-AuNPs and DHLA-PEG,,-COOH-AuNPs,
albeit a smaller shift was recorded for the coating with the
larger PEG block (compare top and bottom gels). The gels for
the DHLA-PEGggq/1000-NH,-AuNP dispersions show migra-
tion toward the cathode for all BSA concentrations used (see
Figure SF).

Cumulatively, the above gel images show narrow and
homogeneous migration bands, indicating that the AuNPs
stayed monodisperse and essentially aggregate-free. More
importantly, the gel data in Figure S acquired for all sets of
AuNP coatings show one common trend: There is no change
in the mobility shift with increasing [BSA], which can be
attributed to absence of any nonspecific protein adsorption on
AuNPs presenting any of the ligand combinations listed. The
data also show mobility shifts that still reflect subtle effects of
the nature of the hydrophilic motif and the terminal group, e.g.,
PEG size and COOH vs NH,. The use of hydrophilic

https://doi.org/10.1021/acsnano.3c08005
ACS Nano 2024, 18, 8649—8662



ACS Nano www.acshano.org
A
E
o o 30% ) 30%
I
NESNO3 AN OH NOSNO* AN,
H n=12,20 H H n=12,20
H H
\J\/\/\JN( Ao OCH; N~ \OCH;3
‘ 70% ‘ 15 70%
B F
+ [BSA] (uM) + [BSA] (M) + [BSA] (M)
0 1l o s s BT ol 2 0 [ SO BB S0) 0 1 25 5 10 20 30 50 0 1 25 5 10 20 30 50
i S ——
S ——— =i
- DHLA-PEGgy,-COOH k. DHLA-PEGgoo-NH,
- DHLA-ZW
+ [BSA] (M) +* [BSA] (uM) + [BSA] (uM)
(ORSEET R 215 N5 510 20 S 3050, 0 25 5 10 20 30 50 0 1 25 5 10 20 30 50

N ———————

DHLA-PEG;5,-OMe

DHLA-PEG5-COOH

L e T — —

DHLA-PEG500-NH,

Figure S. Effects of ligand size, structure, and surface charge on corona formation upon incubation with increasing BSA molar concentration,
[BSA]. (A) Schematic representation of a DHLA-PEG,s,-OMe-AuNP (top) and a DHLA-ZW-AuNP (bottom). (B) Gel images acquired from
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30% DHLA-PEGgg/1900-COOH and 70% DHLA-PEG,5-OMe. (D) Gel images acquired from 30% DHLA-PEGy,-COOH-AuNPs (top) and
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Figure 6. (A) Agarose gel images collected from DHLA-stabilized AuNPs showing progression of the mobility shift with % serum used. The
inset shows an expansion of the 0—5% serum range. (B) Plot of the saturation, S, as defined in eq 2, vs % serum, extracted from the data in
panel A. The dashed red line is a fit to eq 3; a value n ~ 1.25 was deduced from the fit. (C) Gel images collected from dispersions of DHLA-
PEG,5,;-OCH;-AuNPs vs % serum. The dispersions were incubated with serum for 30 min at room temperature. The positive and negative
signs designate the anode and cathode, and the dashed black lines in panels A and C designate the loading wells.

membranes or proteins with an overall negative charge, our
data show that insertion of a PEGgg/1099 block in the ligand
has essentially eliminated any charge-facilitated nonspecific
adsorption of proteins on AuNPs. This can be attributed to the
highly polar nature of the PEGgy/750/1000 Plocks which
promote high affinity to water. We have indeed showed in

PEGggo/1000 blocks has prevented corona buildup even when
reactive COOH or NH, have been introduced. The net sign of
mobility shift still accounts for the type of group inserted,
COOH promotes migration toward the anode while amine
promotes migration toward the cathode. Even though
positively charged NH, groups tend to interact with cell

https://doi.org/10.1021/acsnano.3c08005
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Figure 7. Absorbance spectra collected from 10-mm-path-length cells loaded with dispersions of (A) citrate-, (B) DHLA-, (C) DHLA-ZW-,
and (D) DHLA-PEG,;,0Me-stabilized AuNPs. The AuNPs were incubated with DMEM (tubes J, A, G, D), 10%FBS in PBS (tubes K, B, H,
E), and CCM (tubes L, C, I, F). The black profiles are collected from AuNPs dispersed in water and serve as a control.

earlier work that PEG blocks with My, = 400 Da or higher
promote full dispersions of luminescent QDs in buffer media.”
We note that luminescent CdSe-ZnS core—shell QDs
stabilized with DHLA-PEGgq,1000-NH, showed low level
corona formation as reported in a previous study.”* This
difference can be attributed to the stronger coordination
interaction of DHLA-based ligands to AuNP surfaces, given
the better matching of the soft-to-soft interactions between the
Lewis base DHLA and Lewis acidic character of the AuNP
surface. Coordination onto CdSe-ZnS core—shell QDs is
weaker given the nature of the ZnS surface which exhibits a
less soft Lewis acid. As such, a more stable coating of AuNPs
promoted by DHLA-based ligands reduces nonspecific
interaction with BSA. Finally, the ability of the rather compact
ZW-appended ligands to prevent corona formation can be
attributed to their strong interactions with water molecules and
the generation of a stable hydration layer around the stabilized
AuNPs. This renders it difficult to replace the layer of water
molecules around the nanocrystals with proteins or other
biomolecules; i.e., zwitterion motifs though compact are
effective in substantially reducing nonspecific interactions
with proteins.'®

The above gels acquired for DHLA-ZW-AuNPs and DHLA-
PEG-NH,-AuNPs are further supported by DLS measure-
ments as shown in Figure 3. The data show that the
hydrodynamic radius of AuNPs stabilized with ZW and
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PEG-NH, coatings stayed constant when mixed with various
concentrations of BSA, essentially confirming the prevention of
any corona buildup around these AuNPs, compared to those
prepared with DHLA coating.

We have expanded the above gel mobility experiments of
AuNPs incubated with varying BSA concentrations in a PBS
buffer to the configuration where incubation was carried out
using a buffer containing an increasing % of serum. Serum is
more representative of biological media as it contains several
other biomolecules, in addition to the most abundant one,
BSA. We carried out gel electrophoresis measurements using
DHLA-AuNPs as well as DHLA-PEG-stabilized AuNPs. A
representative gel summarizing the mobility shift experienced
by DHLA-AuNPs shows an initial rapid reduction in the band
migration measured for wells containing varying amounts of
serum, followed by saturation at a higher % serum (see Figure
6). A saturation plot extracted from the gel data using eq 2
yields a sigmoidal curve similar to that shown in Figure 2D.
Conversely, the gel image acquired from samples containing
PEGylated-AuNPs instead shows no change in mobility shift
with increasing % serum. These results confirm that DHLA
coating promotes nonspecific adsorption of serum proteins
that is commensurate with the % serum used. In comparison,
no sign of corona formation was measured when using
zwitterion-rich or PEGylated coating of the AuNPs.

https://doi.org/10.1021/acsnano.3c08005
ACS Nano 2024, 18, 8649—8662
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2.4. Effects of the Coating on the Colloidal Stability
of AuNPs in Biological Media. Successful integration within
biological media requires that the nanoparticles be stable in
physiological environments. Factors that impact such stability
result from the balance of competitive effects of double-layer
repulsive forces and van der Waals attractive forces, as
stipulated by the Derjaguin—Landau—Verwey—Overbeek
(DLVO) theory.'""

In environments with high salt concentrations like PBS,
Dulbecco’s modified eagle’s medium (DMEM), and cell
culture medium (CCM), less colloidally stable nanoparticles
would gradually develop small AuNP aggregates with time.
However, if a protein corona rapidly forms around the
nanoparticles, aggregation could be prevented as a result, due
to the steric repulsions imparted by the adsorbed proteins,
which now act as protecting/stabilizing coat. We hereby follow
the protocols developed by Puntes and co-workers and use
UV-—vis optical absorption spectroscopy to characterize
changes in the colloidal stability of AuNPs surface-capped
with a few representative ligands, when dispersed in water, 10%
fetal bovine serum (10% FBS in PBS), CCM (DMEM
supplemented with 10% FBS), and DMEM."" More precisely,
we used as-grown 10 nm citrate-stabilized dispersions, or
started with OLA-grown AuNPs subsequently subjected to
ligand substitution with DHLA, DHLA-PEG,5-OMe, and
DHLA-ZW. It is known that the SPR peak location and shape
can be affected by the dielectric constant of the surrounding
medium as well as the interparticle distances, which has
provided researchers with a tool for analyzing the interactions
between nanocolloids and proteins in biological media and to
use them for probing aggregation buildup.'” Figure 7A,B show
representative plots of the UV—vis absorption spectra collected
from AuNPs capped with either citrate or DHLA ligands which
have been incubated in three different media (10% FBS, CCM,
and DMEM) for 30 min at room temperature, side-by-side
with the pure AuNP dispersions; white light images of the
dispersions in Eppendorf tubes are also provided. Spectra and
images show that upon mixing with DMEM, both citrate- and
DHLA-capped AuNPs aggregate into larger objects, resulting
in a color change from red-pinkish to blue. There is a
bathochromic shift combined with broadening of the SPR peak
indicating the formation of a larger size of NP aggregates, as a
result of the charge screening of the NP’s surface ligands by the
high salt concentration present in DMEM media. This gives a
blueish color to the sample and results in a slight broadening
and red shift of the SPR to ~580 nm, as shown in Figure 7A
and B. In comparison, when mixed with 10% FBS or CCM, the
AuNP dispersions maintained their reddish-pink appearance.
Additionally, the UV—vis absorption spectra showed a small
red shift of the SPR peak position (with respect to the peak of
the starting NP dispersion in water), compared to the one
measured in DMEM. This can be attributed to the buildup of a
protein corona layer around the AuNPs when incubated in
10% FBS or CCM, which alters the environment surrounding
the NP surfaces, hence slightly shifting the plasmon resonance
peak position and its width. Here, adsorption of proteins and
other biomolecules available in the 10% FBS and CCM media
reduces nanocrystal aggregation in high ionic salt media for the
citrate/DHLA-AuNPs that are known to exhibit limited
stability. The data acquired from DHLA-ZW- and DHLA-
PEG;5-OMe-capped AuNPs (incubated with 10% FBS, CCM,
and DMEM), in comparison, show that both the color of the
AuNP dispersions and the SPR feature remained identical to
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those of the control sample, as shown in Figure 7C, D. We
should note that the strong peak measured at ~410 nm for the
AuNPs mixed with 10% FBS or CCM is attributed to the
absorption of the protein amino acids.

Overall, these results indicate that while a corona forms
around citrate- and DHLA-capped AuNPs in 10% FBS and
CCM, aggregation of the AuNPs was prevented by the
adsorbed proteins. Here, the coronas provide strong enough
steric repulsions that greatly improve the colloidal stability of
the AuNPs. In this case, essentially the rate of corona
formation is faster than the rate of NP aggregation. However,
both DHLA-ZW- and DHLA-PEG,,-OMe-capped AuNPs
exhibit excellent colloidal stability and improved protection
against salt ions and serum biomolecules. The well-preserved
SPR feature clearly confirmed the fact that the surface of the
NPs was not altered by the proteins, indicating minimum-to-
no protein adsorption.

3. CONCLUSIONS

We have investigated protein corona formation around
spherical AuNPs with different surface-coatings using a few
simple analytical techniques (e.g., agarose gel electrophoresis,
UV-—vis absorption spectroscopy, and dynamic light scatter-
ing). Our data show that AuNPs stabilized with small ligands
(e.g, DHLA or citrate) promote nonspecific adsorption of
proteins; these molecules tend to provide homogeneous
solubility of the NPs in water via electrostatic repulsions. Gel
electrophoresis combined with DLS measurements confirm
corona formation, which tracks the molar concentration of the
protein introduced, but the process can primarily be controlled
by the nature and overall size of the ligands. In comparison, we
find that appending hydrophilic motifs onto DHLA, such as
PEG blocks or zwitterion groups, essentially eliminates
nonspecific interactions, producing homogeneous dispersions
that maintain colloidal stability as well as the characteristic
reddish-pink color of plasmonic gold colloids for all conditions
tested. Additionally, dispersions of as-grown citrate-NPs or
ligand exchanged with DHLA interact strongly with media rich
in salts like PBS or Dulbecco’s modified eagle’s medium
(DMEM). This triggers gradual aggregation with time, as
shown in the measured UV—vis absorption spectra (namely,
the broad peak at $80 nm, blue profiles in panels A and B).
However, rapid corona formation around citrate- or DHLA-
AuNPs in 10% FBS or CCM protects the core materials from
nonspecific attractions and prevents aggregation. Using
PEGylated and zwitterion presenting DHLA ligands does not
affect the appearance of the absorption properties of the NP
dispersions, as nonspecific adsorption is essentially eliminated
even in protein and salt rich media like 10% FBS, DMEM, and
CCM.

Future ideas that we would like to explore include the use of
multicoordinating polymers that either present negatively
charged surface coatings or are modified with PEG blocks or
zwitterion motifs. Using the same analytical techniques
described here, one can probe whether or not electrostatically
stabilized AuNPs with multicoordinating ligands can promote
corona formation and compare findings to those acquired for
zwitterion or PEGylated coatings made of monomeric ligands.
Other ideas to explore include the use of more complex gold
nanocolloids such as larger size nanorods and nanostars,
surface-stabilized with these designed ligands. These may show
behaviors that are different from those measured for simple
spherical nanoparticles.

https://doi.org/10.1021/acsnano.3c08005
ACS Nano 2024, 18, 8649—8662
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4. EXPERIMENTAL SECTION

4.1. Growth of Gold Nanoparticles (AuNPs). 4.1.1. Growth of
Oleylamine-Capped AuNPs. The 10 nm diameter oleylamine-coated
AuNPs used in this study were synthesized by rapidly injecting
HAuCl, precursors into a preheated oleylamine solution, as reported
by Swihart and co-workers.*® Briefly, 4 mL of oleylamine (OA) was
refluxed at 150 °C under a nitrogen atmosphere using a 100 mL
three-neck round-bottom flask. A mixture of 0.3 mmol (119 mg) of
HAuCl,-3H,0 dissolved in 2 mL of oleylamine was rapidly injected
into the above flask. The reaction mixture was left to react at 150 °C
for 1.5 h, yielding a brown pinkish color solution which indicates the
formation of AuNPs. One round of centrifugation/purification was
applied to remove unreacted precursors. The supernatant was
collected, further diluted with hexane (10—15 mL), and then stored
until further use. This growth route has yielded 10 nm diameter
spherical AuNPs as verified by TEM measurements.'”*** The 10 nm
AuNPs prepared using this route were used for the gel electrophoresis
measurements and for acquiring the light scattering data.

4.1.2. Growth of Citrate-Stabilized AuNPs. 4.1.2.1. Growth of 5
and 10 nm Diameter Spherical Nanopatrticles. The S and 10 nm
(diameter) citrate gold nanoparticles used in this study were prepared
using a seeded-growth method using tannic acid and sodium citrate
reducing agents, as reported by Puntes and co-workers.”" The starting
3.5 nm Au seed solution was prepared as follows: 1 mL of
tetrachloroauric acid (HAuCl,, 25 mM) in DI water was injected
into a solution containing a mixture of sodium citrate (150 mL, 2.2
mM), tannic acid (0.1 mL, 2.5 mM), and potassium carbonate (1 mL,
150 mM) heated at 70 °C. The reaction was left to progress for S min
and then rapidly cooled down using an ice bath. To grow the
nanoparticles, 5SS mL of the seed solution (above) was mixed with an
equal volume (55 mL) of 2.2 mM sodium citrate solution, then
heated. When the solution reached 70 °C, two aliquots of HAuCl,
(0.5 mL, 25 mM) were added at 10 min intervals. This step was
repeated two times when growing S nm NPs and four times when
growing 10 nm NPs. The final AuNP dispersion was concentrated by
applying one round of centrifugation at 3500 rpm using a membrane
centrifugation device with a MW cutoff = S0 kDa (Millipore). These
AuNPs were used for gel electrophoresis and stability tests in
biological media (e.g, 10% FBS).

4.1.2.2. Growth of 30 nm Diameter Spherical AuNPs. The 30 nm
citrate-AuNPs used here were grown following the procedure
reported by Puntes and co-workers.”” Briefly, an initial solution of
Au seeds was prepared by rapid injection of 1 mL of HAuCl, (25 mM
in water) into a boiling aqueous solution of sodium citrate tribasic
(150 mL, 2.2 m, using a round-bottom flask). The reaction was left to
proceed for 10 min, until the AuNP dispersion color turned a red
wine color, and then was stopped by cooling the flask content to room
temperature. The reaction was heated up again to 90 °C, and then 1
mL of sodium citrate solution (60 mM) was injected followed by a
second injection of 1 mL of HAuCl, solution (25 mM) after 2 min.
The reaction was left to proceed while stirring for 30 min. The above
steps (two injections and 30 min of stirring) were repeated 13 times,
yielding 30 nm citrate-stabilized AuNPs. Growth of the NPs after each
cycle was tracked/monitored using DLS measurements.

4.2. Ligand Synthesis. The polyethylene glycol-appended lipoic
acid ligands used in this study, namely, LA-PEG,5-OCH;, LA-
PEGgng,1000-NH,, and LA-PEGgng,1000-COOH, were prepared, char-
acterized, and purified using the procedures described in previous
reports.'®>'%  Similarly, LA appended with zwitterion (N,N-
dimethylpropanediamine-sulfobetaine) ligands was synthesized fol-
lowing the rationale described in references 104 and 105. Chemical
reduction of the dithiolane group in the above compounds to DHLA
was carried out using sodium borohydride, yielding PEG and
zwitterion-appended DHLA, as reported in reference 102. These
ligands were used for cap exchange of as-grown oleylamine- and
citrate-capped AuNPs.
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