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charge."””'"'>'® For example, zwitterionic peptide ligands on
ABSTRACT: The adsorption of even a single serum flat Au surfaces synthesized from equal amounts of lysine (g =
protein molecule on a gold nanosphere used in biomedical +1) and glutamic acid (g = —1) were shown to adsorb minimal
imaging may increase the size too much for renal amounts of the model serum proteins lysozyme and fibrinogen
clearance. In this work, we designed charged ~5 nm Au (<0.3 ng of protein/cm?).® Similar low adsorption levels of these
nanospheres coated with binary mixed-charge ligand proteins were found for flat Au surfaces tailored with binary

monolayers that do not change in size upon incubation

ligands with equal amounts of positive and negative charge.s’é
in pure fetal bovine serum (FBS). This lack of protein

i A The close spacings between the positive and negative charges on
adsorption was unexpected in view of the fact that the Au single zwitterionic ligands favor hydration and essentially zero

surface was moderately charged. The mixed-charge protein adsorption on NPs, as measured by dynamic light
monolayers were composed of anionic citrate ligands scattering (DLS)."'*

modified by place exchange with naturally occurring amino
acids: either cationic lysine or zwitterionic cysteine ligands.
The zwitterionic tips of either the lysine or cysteine ligands
interact weakly with the proteins and furthermore increase
the distance between the “buried” charges closer to the Au
surface and the interacting sites on the protein surface.
The ~5 nm nanospheres were assembled into ~20 nm
diameter nanoclusters with strong near-IR absorbance (of

interest in biomedical imaging and therapy) with a

biodegradable polymer, PLA(1k)-b-PEG(10k)-b-PLA(1k). beer},zg(,)zgns toh'in}cl:lr ease D}.‘ signiﬁcantly, gnAth;H())rdeF }? f 10
Upon biodegradation of the polymer in acidic solution, the om. 7 For ughly anionic Cltréte-cap pec Au Ns with zeta
nanoclusters dissociated into primary ~5 nm Au nano- potentials (¢) near —40 mV, D}, increased from 30 to ~80 nm

spheres, which also did not adsorb any detectable serum upon incubation in undiluted human plasma.** Interestingly,
protein in undiluted FBS. very small (~3 nm), highly charged Au nanospheres coated with

glutathione (GSH), which has two negative and one positive
charge at neutral pH, were shown to be cleared efliciently
through the kidneys.” While very low adsorption is typically
measured with techniques such as 6gel electrophoresis,”**
surface plasmon resonance sensing,”*® and quartz crystal
microbalance analysis,27 these techniques do not have the
sensitivity to measure the adsorption at the single protein
molecule level, as can be done by DLS™'*'"'? or gel-filtration
chromatography."

Although charged monolayers on NPs composed of single
ligands are not thought to resist protein adsorption,***%**
relatively little is known about the behavior of NPs with binary
and multicomponent mixed-charge monolayers. For binary
zwitterionic mixtures with equal amounts of cationic and anionic
ligands, adsorption is very low.>**?*® However, mixed mono-
layers of charged ligands, such as lysine/glutamic acid peptide
monolayers on Au, bind significant amounts of proteins such as

For Au NPs coated with charged ligands, electrostatic
interactions as well as charge—dipole interactions and specific
interactions with hydrogen-bond donor and acceptor sites
increase the adsorption relative to nonionic and zwitterionic
ligands.">*%*! However, the roles of net charge and the topology
of charge on the Au and protein surfaces on adsorption are not
well-understood. For NPs coated with highly charged citrate,
DHLA, or cysteamine ligands, adsorption of serum proteins has

F or Au nanoparticles (NPs) of interest in biomedical imaging,
the hydrodynamic diameter (Dj,) must be less than ~6 nm
for efficient renal clearance."” As these NPs are exposed to blood,
the adsorption of even a single protein molecule on their surface,
particularly the highly prevalent serum albumin (D, ~ 7 nm),>*
may increase the size too much for clearance. The adsorption of
serum proteins on flat surfaces”® and curved NPs'%™'* coated
with nonionic, zwitterionic, or charged ligands depends in a
complex manner on the surface orientation, charge, and
hydrophobicity of the ligands."”~"7 Remarkably, precisely
defined experiments to study renal clearance indicated that
protein adsorption from 10% fetal bovine serum (FBS) was fully
prevented with neutral [poly(ethylene glycol) (PEG)] or
zwitterionic (cysteine) ligands but was high for charged ligands
such as anionic dihydrolipoic acid (DHLA) and cationic
cysteamine, respectively.' In numerous other studies, serum
protein adsorption has been found to be relatively low on Received: January 21, 2013
zwitterionic and nonionic surface coatings with zero net Published: April 8, 2013
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fibrinogen and lysozyme (>S50 ng/cm®) when the lysine/
glutamic acid ratio deviates from unity and the surface becomes
charged.® However, Verma et al.'’ reported that Au nanospheres
with ordered “stripes” of anionic mercaptoundecanesulfonate
(MUS) and nonionic octanethiol (OT) adsorbed nearly zero
serum protein upon incubation in 10% serum, as shown by a
negligible change in Dy, via DLS, despite a highly negative { near
—35 mV. The inhibition of protein adsorption was attributed to
the close proximity (~S A) of hydrophobic and hydrophilic
groups on the nanosphere surface.'”** However, Yang and co-
workers demonstrated that Au NPs and flat Au surfaces that do
not adsorb protein in 10% human blood serum may adsorb
significant amounts of protein in 100% serum.”'’ Novel
concepts are required to determine whether it is possible to
form charged mixed monolayers that exhibit essentially zero
protein adsorption even in undiluted serum.

In this work, we designed charged ~5 nm Au nanospheres that
adsorb essentially zero protein from undiluted FBS, as shown by
a negligible increase in the Dy, measured by DLS. The charged
surfaces were tailored with binary ligand monolayers composed
of two naturally occurring, relatively hydrophilic ligands, citrate
(g = —3) and either cationic lysine (g = +1) or zwitterionic
cysteine (g = 0). The Au surface charge was tuned by place
exchange of the citrate ligands with each amino acid, as
characterized by { and X-ray photoelectron spectroscopy
(XPS). Relatively hydrophilic ligands were used to attempt to
limit hydrophobic interactions that may increase adsorp-
tion."”***® For pure citrate or highly charged mixed-charge
monolayers with high citrate levels, Dy, increased by ~3 nm or
more as a result of protein adsorption. However, the change in Dy,
was negligible for lower citrate fractions, even for a moderate { of
—22mV in undiluted FBS. The zwitterionic tips of the lysine and
cysteine ligands interact weakly with the protein and,
furthermore, mitigate the interactions of the “buried” charges
on the anchor groups at the Au surface. When the Au
nanospheres were assembled into ~20 nm nanoclusters of
closely spaced primary NPs using an earlier methodology,®" they
exhibited intense near-IR (NIR) extinction that is of interest in
biomedical applications, including photoacoustic imaging.**
Upon biodegradation of PLA(1k)-b-PEG(10k)-b-PLA(1k)
[PLA = poly(lactic acid)] on the surface of the nanoclusters,
they dissociated into the original ~5 nm constituent nano-
spheres, which totally resisted the adsorption of serum proteins.

To form binary mixed-charge monolayers on the surface of ~5
nm Au nanospheres, citrate-capped nanospheres were first
synthesized, and place-exchange reactions were conducted with
either lysine or cysteine ligands [Figure 1a,b; see the Supporting
Information (SI) for experimental procedures]. To determine
the final ligand ratio on the nanosphere surface, excess ligands
were removed by ultracentrifugation, and XPS was conducted on
the dried nanosphere pellet (for details, see the SI). For lysine/
citrate molar feed ratios from 4.5 and 9, place exchange led to
final ligand ratios of 0.5 and 1.4 according to XPS (Table 1 and
Figure S1 in the SI). The initial D}, value of 4.3 + 0.8 nm (Table
1) increased only slightly for both lysine/citrate ratios after place
exchange (Table 1 and Figure 1c), as expected given the very
small difference in the sizes of these two ligands relative to the
diameter of the Au core. Inclusion of lysine at lysine/citrate ratios
of 0.5 and 1.4 raised ¢ from the highly negative value of —58.4 +
5.3 mV for pure citrate to —28.9 + 3.9 and —16.1 + 2.9 mV,
respectively (Table 1). The ratios of these { values to that for
pure citrate were 49 and 28%, respectively, in good agreement
with the ratios of 56 and 22% estimated from the number of
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Figure 1. (3, b) Schematic illustrations of nanosphere surfaces coated
with (a) citrate and lysine and (b) citrate and cysteine. (c, d) DLS
distributions in water (green curve) and FBS (red curve) for
nanospheres with (c) lysine/citrate = 1.4 and (d) cysteine/citrate =
1.6. The black curve in (c) is the DLS distribution for nanospheres
capped only with citrate after FBS incubation.

Table 1. Properties of Nanospheres Capped with Citrate or
Binary Ligand Mixtures before and after Incubation in FBS

ligand ratio
ligand(s) feed XPS D, (nm) ¢ (mV) Dy, in FBS (nm)
citrate n/a  n/a 43+08 —584+53 199 + 2.1
Lys/citrate 4.5 0.5 S0+12 —289+39 7.7 +3.8
Lys/citrate 9 14 4.6 + 1.1 —16.1 +£2.9 39+21
Cys/citrate 0.3 1.0 S1+39 —288+32 88 +35.8
Cys/citrate 0.7 1.6 34+£2S5 —-21.6 £ 1.7 3427

charges on the ligands and the known ratios from XPS (Table S1
in the SI; see the SI for the calculation procedure and Tables S4—
S7 for the reproducibilities of Dy, and ).

For the place exchange of citrate with zwitterionic cysteine,
smaller feed ratios were used than for lysine because of the
stronger binding to Au by the cysteine thiol group relative to the
lysine amino group. Again, the increase in Dy, was negligible
(Table 1 and Figure 1d). The final cysteine/citrate ligand ratios
as determined by XPS were 1.0 and 1.6 for feed ratios of 0.3 and
0.7, respectively (Table 1 and Figure S1). The { values were
—288 + 32 and —-21.6 = 1.7 mV, respectively, and the
corresponding {/{ .. ratios were 49 and 37%, in good
agreement with the ratios of 49 and 39% calculated from the
stoichiometries via XPS (Table S1).

The resistance of the charged mixed-monolayer nanospheres
to serum protein adsorption was evaluated in 100% FBS. Here,
even adsorption of a single 7 nm bovine serum albumin (BSA) or
14 nm immunoglobulin G molecule* would produce a
substantial change in Dy. The adsorption of one BSA molecule
would correspond to ~0.1 pug of BSA/cm® for a S nm Au
nanosphere. For highly charged nanospheres with single ligands,
Dy, increased significantly, by 16 nm for citrate-capped
nanospheres (Table 1 and Figure 1c) and 13 nm for GSH-
capped nanospheres (Figure S2). In control experiments with
DLS (see the SI), it was found that scattering from FBS solutions
without added Au nanospheres was weak relative to the
scattering by the Au nanospheres. For incubation in 100% FBS
for lysine/citrate nanospheres at the lower ratio of 0.5, Dy
increased only modestly (by 3 nm; Table 1). At the higher
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lysine/citrate ratio of 1.4 ({ = —16.1 mV), serum protein
adsorption was completely inhibited, as the change in D, was
within the experimental error (<1 nm; Table 1 and Figure 1c).
Similar behavior was observed in the case of the cysteine/citrate
mixed monolayers. For the lower cysteine/citrate ratio of 1.0, Dy,
increased by only 4 nm (Table 1). For a higher ratio of 1.6,
however, protein adsorption was completely inhibited, as the
change in Dy, from 3.4 + 2.5 to 3.4 + 2.7 nm was within the
experimental error (Table 1 and Figure 1d). Remarkably, not a
single protein molecule was adsorbed, despite the substantial
nanosphere surface charge ({ = —21.6 + 1.7 mV). If protein
molecules adsorb, they may cause aggregation of the Au
nanospheres; however, our DLS distributions did not reveal
any aggregates in the 100—1000 nm size range (Tables S8 and
$9).

To support the DLS results, we measured nanosphere
sedimentation in a centrifugal field. The Au yield by mass in
the pellet was measured after centrifugation for 15 min at 10 000
rpm (see the SI). For Au nanospheres in deionized water, the
yield was ~20% in each case (see the SI). At the cysteine/citrate
ratio of 1.6, a similar yield of 21% was observed in FBS, consistent
with the lack of protein adsorption. However, for the ratio of 1.0,
where Dy, increased to 8.8 nm, the yield in the pellet increased to
39%, indicating that the centrifugation technique was also highly
sensitive to protein adsorption. A similar trend was observed for
lysine/citrate nanospheres (see the SI). Thus, the DLS and
sedimentation techniques provided complementary evidence
that the protein adsorption was neglible for the Au nanospheres
coated with either cysteine/citrate or lysine/citrate ligands at the
higher ratios. To our knowledge, these are the first examples of
moderately charged gold nanospheres coated with binary mixed-
charge ligands that completely prevent serum protein adsorption
in undiluted serum. Furthermore, both ligands are naturally
found in the body.

The significant levels of protein adsorption on citrate- and
GSH-capped nanospheres can be partially attributed to overall
electrostatic interactions between the negatively charged nano-
sphere surfaces and positively charged proteins as well as local
charges and hydrogen-bonding sites on the protein surfaces. For
example, Beurer et al.”! found that protein adsorption on surfaces
with a charge gradient from positively charged aminoundecane-
thiol to negatively charged mercaptoundecanoic acid was
correlated with the overall electrostatic attraction, as negatively
charged BSA and fibrinogen adsorbed mostly on the cationic
quaternary ammonium section and positively chargi,red lysozyme
adsorbed mainly on the anionic carboxylates.”’ The most
prevalent protein in serum, BSA, with an isoelectric point of
472" is negatively charged at neutral pH, and thus, the overall
electrostatic interaction with anionic Au surfaces is repulsive.
However, interactions between the charged ligands and local
charges and hydrogen-bonding sites on the protein surface must
also be considered. For example, local attraction or salt bridges
between cationic lysine residues on BSA and citrate ligands on
Au nanospheres contribute to adsorption.zs’a'3 Thus, the serum
protein adsorption observed on citrate- and GSH-capped
nanospheres may be caused by overall electrostatic interactions
with positively charged proteins as well as local electrostatic and
hydrogen-bonding interactions with both positively and
negatively charged proteins.

Our observation via DLS of essentially zero serum protein
adsorption on a moderately charged binary monolayer was
unexpected on the basis of previous studies with single-ligand
monolayers"****** or mixed-charge monolayers with substantial
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net charge.”"*® For the lysine/citrate ratio of 1.4, the lack of

protein adsorption suggests that the lysine screens the strong
interactions of the trivalent citrate with the proteins, similar to
the cysteine/citrate = 1.6 monolayers. The overall electrostatic
interaction between the net negative charge of the binary
monolayer and positively charged serum proteins is attractive.
The difference in length of the citrate ligand versus either lysine
or cysteine, however, may play an important role in resisting
protein adsorption. For example, the zwitterionic tips of lysine or
cysteine should interact weakly with protein surfaces because of
the lack of net charge and strong hydration, as is known for other
zwitterions.”**® Another important factor is that each of these
amino acids is considerably longer than the citrate molecule
(Figures 1a,b). The amino acids in the monolayers thus provide
steric hindrance by increasing the distance between the three
carboxylates on citrate and the protein surface. Thus, the local
“buried” charges in the ligand monolayers should interact more
weakly with the local charges and hydrogen-bonding sites on the
protein surface. In addition, delocalization of the charge with the
gold electrons for the two carboxylate anions on citrate and the
protonated amine on lysine should further reduce the strength of
the electrostatic interactions with the proteins.

Lysine, cysteine, and citrate are all highly hydrophilic, unlike
hydrophobic ligands that facilitate adsorption of serum proteins
by interacting with their hydrophobic segments.** For example,
in the Hopp and Woods hydrophilicity index,*® the hydro-
philicity of lysine is 3.0, compared with 0.0 for glycine and —3.4
for highly hydrophobic tryptophan. Cysteine is more hydro-
phobic than lysine (hydrophilicity of —1.0°°) but hydrophilic
enough to resist protein adsorption when combined with citrate
in our mixed monolayers. In summary, the tunability of the ligand
ratio and thus the surface charge for each of our mixed
monolayers could be utilized to tailor the surfaces to resist
protein adsorption even for moderate net charge.

Various techniques have been used to form nanoclusters with
controlled properties from primary NPs.*® The lysine/citrate =
1.4 nanospheres were assembled into nanoclusters upon solvent
evaporation in the presence of a weakly adsorbing polymer, PLA-
b-PEG-b-PLA, using a previously reported procedure®" (see the
SI). The nanoclusters with D, = 21.7 + 4.3 nm were composed of
closely spaced primary Au nanospheres (Figure 2), which shifted
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Figure 2. (a) TEM image, (b) DLS D, distribution, and (c) UV—vis—
NIR extinction spectrum (red) of lysine/citrate nanoclusters. In (c),
spectra of dissociated nanoclusters and nanospheres are also shown. (d)
DLS D, distributions of dissociated nanoclusters, dissociated nano-
clusters in FBS, and lysine/citrate nanospheres.
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the extinction in the NIR from 650 to 900 nm. Incubation of the
nanoclusters in pH S HCl for 24 h hydrolyzed the PLA(1k)-b-
PEG(10k)-b-PLA(1k) on the surface, and the nanoclusters
dissociated to Au nanospheres with the original nanosphere size,
as shown by the UV—vis—NIR spectrum (Figure 2c) and the
DLS size distribution (Figure 2d). The dissociated nanoclusters
did not adsorb serum proteins, as Dy, remained at only 4.2 & 2.6
nm (a desired size for kidney clearance) upon incubation in
100% FBS (Figure 2d).

In this robust colloidal assembly approach,®" the size of the
nanoclusters may be tuned as a function of the polymer and gold
concentrations, the chemical structure of the surface ligands, and
the extent of solvent evaporation. The biodegradable polymer
adsorbs on the surface of the nanoclusters and quenches the size
via an equilibrium mechanism.>'* In the current study, we have
shown for the first time that these clusters may be formed from
Au particles with a surface charge that is large enough for
nanocluster dissociation upon biodegradation of the polymer
coating but small enough for full resistance to protein adsorption.

In conclusion, incubation of charged ~5 nm Au nanospheres
with binary mixtures of natural and relatively hydrophilic ligands
in undiluted serum protein does not increase the hydrodynamic
diameter, indicating essentially zero protein adsorption. More-
over, the Au nanospheres can be assembled into NIR-active
nanoclusters that biodegrade to primary Au nanospheres in vitro,
again with essentially zero protein adsorption.
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