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unctionalized nanoparticles which

specifically interact with cellular tar-

gets are of great interest in biotech-
nology and biomedicine and for the devel-
opment of biodiagnostics."* Gold
nanoparticles (AuNPs) in particular have
been established as versatile tools for vari-
ous biotechnological applications.*”8 For
example, AuNPs have been functionalized
with cell penetrating peptides to improve
internalization®'? or with RME, NLS, and Tat
peptides to target the cell nucleus,''3716
showing that functionalization with pep-
tides is a powerful strategy for achieving se-
lectivity and versatility.

The most straightforward way to pre-
pare peptide-functionalized AuNPs is by di-
rect immobilization of thiol terminated pep-
tides on the gold surface of the
nanoparticle. In this case, the immobilized
peptides also serve as stabilizers of the col-
loidal solution by forming a passivation
layer, thus preventing aggregation of the
AuNPs. However, it has been recognized
that only in some cases, that is, for certain
amino acid sequences,'”'® can a sufficient
stabilization of the colloidal solution be
achieved using peptides as stabilizers. An al-
ternative and valuable approach for the
preparation of peptide-functionalized
AuNPs requires a deliberate separation of
the functionalization process from the pas-
sivation process. Bioactive peptides have
been covalently conjugated to proteins
such as BSA'%1>1% and streptavidin,®® and
the conjugates have been used for stabiliza-
tion/functionalization of AuUNPs. These
modified proteins adsorb on the gold sur-
face of the nanoparticles, forming a passiva-
tion layer and, at the same time, serve as
loading platforms for the bioactive pep-
tides. Excellent results have also been
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ABSTRACT We report the preparation of gold nanoparticles (AuNPs) functionalized with the peptide-toxin
conantokin-G and their selective binding to N-methyl-p-aspartate (NMDA) receptors recombinantly expressed by
transfected HEK 293 cells. The AuNPs are passivated with a mixed self-assembled monolayer of w-carboxy- and
w-amino-polyethylene glycol (PEG) thiols. We compare two different passivation systems: the alkyl-PEG600
system is characterized by a C;-alkyl chain between the thiol group and the PEG segment, whereas the PEG3000
system lacks this alkyl-chain. We show that only the alkyl-PEG600 passivation system allows selective conjugation
of cysteine-terminated peptides to the periphery of the passivation layer via a heterobifunctional linker strategy.
In contrast, using the PEG3000 passivation system, peptides are immobilized both on the passivation layer and
directly on the gold surface via concurrent place-exchange reaction. We therefore recommend the use of the alkyl-
PEG600 system to precisely control the number of immobilized peptides on AuNPs. In fact, we show that the
number of conjugated peptides per particle can be varied with good control simply by varying the composition
of the self-assembled monolayer. Finally, we demonstrate that conjugation of the conantokin-G peptide to the
solvent-exposed interface of the passivation layer results in maximal binding interaction between the peptide-
functionalized AuNPs and the targeted NMDA receptors on the cell surface. Conantokin G-coupled AuNP may be
used to spatially restrict NMDA-receptor-blockade on neuronal surfaces.

KEYWORDS: gold nanoparticles - PEG - peptides - conantokin G - NMDA receptors -
multivalency

achieved by preparing mixed monolayers
of peptides?'?2 or of poly(ethylene glycol)
(PEG) derivatives and peptides.'"?>?* In
these cases, one component of the mixed
monolayer is present in excess and deter-
mines the stability of the colloidal solution
toward aggregation while the other serves
as the bioactive component. Alternatively,
AuNPs can be stabilized with a passivation
layer before coupling of the bioactive pep-
tides to the passivation layer itself via suit-
able linkers.?> Recently, we have pro-
posed a variant of this approach where a
bioactive peptide is coupled to AuNPs
passivated with mixed-monolayers of
o-functionalized PEG-thiols.?® In our sys-
tem, w-carboxyl PEG-thiols are respon-
sible for colloidal stabilization while a
small amount of w-amino PEG-thiol
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derivatives is introduced for covalent functionaliza-
tion.

Methods allowing immobilization of the peptides
onto the solvent-exposed interface of the passivation
layer are expected to maximize the accessibility of the
peptides, affording AuNPs with improved performance
for biotechnological application. However, this hypoth-
esis has not yet been tested due to the lack of an appro-
priate model system. In this work, we describe the
preparation and characterization of such a system. In
fact, we show for the first time that bioactive peptides
can be selectively coupled either on the passivation
layer or within the passivation layer, depending on the
choice of the PEG-thiol derivatives used for nanoparticle
passivation. We compare AuNPs passivated with alkyl-
PEG600 thiols (1 and 2) versus AuNPs passivated with
PEG3000 thiols (3 and 4) with respect to stability, pep-
tide coupling, and performance when targeting cell-
surface receptors. We have discovered that it is pos-
sible to conjugate cysteine-terminated peptides
selectively to the passivation layer of AuNPs via a linker
strategy if the nanoparticles are passivated with alkyl-
PEG600 thiols. In contrast, for PEG3000 passivated
AuNPs, cysteine-terminated peptides are also immobi-
lized in the absence of the linker, most probably in a
place-exchange reaction.?” AuNPs carrying the bioac-
tive peptide conantokin-G (ConG) immobilized onto the
solvent-exposed interface of the passivation layer (alkyl-
PEG600 thiols 1/2) are shown to have an improved
binding performance when targeting N-methyl-p-
aspartate (NMDA) receptors compared to AuNPs with
ConG immobilized within the passivation layer
(PEG3000 thiols 3/4).

For both passivation systems, multiple copies of
a peptide are immobilized on the AuNPs. The multi-
valent nature?® of these objects is expected to be ad-
vantageous for increasing the binding affinity?® 3!
and can be of great relevance if the interaction be-
tween peptide ligand (conjugated to the AuNP) and
cellular receptor is not very strong. Furthermore, it
would be highly desirable to have a strategy for con-
trolling the multivalent nature of AuNP—peptide
conjugates. Here we show that the number of
coupled peptides, can be simply controlled by vary-
ing the number of functionalizable groups intro-
duced in the passivation layer. However, this is true
only for the passivation system based on alkyl-
PEG600 thiols 1/2. In contrast, control over the num-
ber of coupled peptides is not achievable for the
passivation system based on PEG3000 thiols 3/4 due
to concomitant place-exchange reaction. As a direct
consequence of the AuNPs multivalency, the binding
constant for immobilized ConG to the NMDA recep-
tors is approximately 3 orders of magnitude higher
than for free ConG in solution.

RESULTS AND DISCUSSION

Preparation of AuNPs with a Predetermined Diameter. One
of the most used methods for the preparation of uni-
form AuNPs with controlled size above 10 nm is the di-
rect reduction of gold ions by citrate.32734 Although
this method allows reproducible preparation of spheri-
cal nanoparticles with diameters in the range 10—20
nm, nanoparticles larger than 30 nm tend to have a
rather elliptical shape and relatively high dispersity (size
distributions with 15—20% relative standard devia-
tion).® Alternatively, the seeded-growth method gener-
ally provides better control of dimension and shape of
the nanoparticles.® For this method, a growth solution
containing AuCl,;~ ions and a mild reducing agent is in-
oculated with a certain amount of small particles
(seeds). Under these conditions, the gold ions are selec-
tively reduced at the nanoparticle surface (nanoparti-
cle growth), while new particle nucleation is
prevented.3>3> Several reducing agents, such as cit-
rate,*> ascorbate, 37 acrylate,*® 2-mercaptosuccinic
acid,*® and hydroxylamine hydrochloride,*#° have been
proposed, sometimes in combination with surfactants
such as CTAB to further improve the control over the
shape of the nanoparticles.3%3’

We have developed a novel, simple, and reproduc-
ible experimental protocol for the preparation of nearly
spherical gold nanoparticles based on a single-step
seeded-growth reaction. The key step of our growth
protocol is the controlled addition of a 6.5 X 107* M
HAuCl, aqueous solution to an aqueous hydroxylamine
hydrochloride solution containing nanoparticle seeds
at a concentration between 3.5 and 7.7 X 10" particle/
mL. In practice, seed particles are prepared by the stan-
dard citrate synthesis using the experimental condi-
tions reported by Grabar.*! The AuNP-seed solution is
mixed with a 10 mM NH,OH - HCl solution in a 1:12 ra-
tio by volume. The gold chloride solution is then added
at a constant flow of 50 mL/h under vigorous stirring
at room temperature. A standard growth reaction can
be carried out within one to a few hours, depending on
the amount of starting particles and their desired final
size. Under these conditions, we consistently obtain
AuNPs having a narrow size distribution (relative stan-
dard deviation 10— 12%). The nanoparticle samples pro-
duced with this method contain less than 3% rod-like
particles and less than 1% triangular platelets. This is a
significant improvement compared to previous meth-
ods which produce larger amounts of rod-like particles
(5—10%)*>*° even when CTAB is added.>5*” Moreover,
this experimental implementation based on a one-step
procedure allows the reproducible preparation of
AuNPs with a predetermined diameter. In fact, acciden-
tal loss of material in intermediated purification steps
(necessary in multistep procedures) is prevented and
the final AuNP size can be precisely defined through
calculation of the amount of HAuCl, solution to be
added, knowing the number of inoculated seeds and
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Chart 1. Alkyl-PEG600 thiols (1/2, n ~ 13) and PEG3000 thi-
ols (3/4, n ~ 68) used for passivation of AuNPs.

their size. We have followed several seeded-growth re-
actions by withdrawing small samples of the reaction
mixture at increasing amounts of added HAuCl, solu-
tion and subsequent analysis via scanning electron
microscopy (SEM). The standard deviation of the AuNP
size distribution of each withdrawn sampled remained
constant at approximately 10%, which corresponds to
the value measured for the seeds (Figure S-3). This indi-
cates that, under these conditions, no significant par-
ticle nucleation occurs during the growth process.*?

Colloidal Solution Stability of PEG-Passivated AuNPs. To use
AuNPs in biological systems, for example, cell cultures,
the AuNP colloidal solution must remain stable in a
nonaggregated state in the presence of high salt con-
centrations and possibly high concentration of biomol-
ecules. In fact, nanoparticle stabilization in aqueous so-
lutions is generally achieved with a passivation layer,**
and PEG-derivatives have proven to be particularly ef-
fective. Two classes of PEG thiols have been used: (i) de-
rivatives possessing an alkyl chain between the thiol
group and the PEG segment,*~“® and (ii) derivatives for
which the thiol group replaces the terminal hydroxyl
of the PEG segment and therefore lacking this addi-
tional alkyl chain.**~>3 Nevertheless, to the best of our
knowledge, a direct comparison between alkyl-PEG thi-
ols (here represented by derivatives 1 and 2) and PEG
thiols missing such an alkyl chain (Chart 1, 3 and 4) has
not been reported. We have previously described
AuNPs passivated with mixed monolayers of PEG thiols
belonging to these two classes.?® The w-amino termi-
nated thiols 2 and 4 were used to introduce reactive
amino groups in the passivation layer of the AuNPs. In
that study, we established a method for determining
the number of functionalizable amino groups per par-
ticle (Nuw,). The results showed no significant difference
between the two passivation systems in terms of Ny,
Moreover, no significant difference in surface coverage
between the two systems could be established despite
the difference in the average length of the PEG seg-
ment (n ~ 13 for alkyl-PEG600 derivatives 1/2 and ~68
for the PEG3000 derivatives 3/4). We have now ex-
tended this preliminary study and, focusing on the ap-
plicability of our AuNPs in biological systems, we report
here the results of a systematic study on the stability
of the AuNPs in high ionic strength solutions and in cell
culture medium, specifically comparing these two pas-
sivation systems.

Both passivation systems afford AuNPs that do not
aggregate when placed in cell culture medium, as
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TABLE 1. Peptide Sequences Used during Conjugation to
Passivated AuNPs®

sequence

5 GEyyLOyNQyLIRYKSNC-NH,
6 GEUULQUNQULIRUKSNC-NH,

‘y = ~y-carboxyglutamate, U = y-glutamate; the side chain of lysine-15 is
tetramethylrhodamine labeled in both peptides. Naturally occurring con-G has a se-
quence corresponding to amino acids 1—17 of 5.

shown by UV—vis measurements (Figure S-4). Further-
more, the stability of the colloidal solution in cell culture
medium persists for at least 24 h for both systems, as in-
dicated by no significant change in the optical proper-
ties of the solutions (Figure S-7). We also investigated
the stability of the colloidal solutions with increasing
NaCl concentration and as a function of xyu, the molar
fraction of the amino terminated thiol derivative (2 or 4)
used during the passivation reaction. This is very impor-
tant because the number of peptides that can be
coupled to the AuNPs depends on xy, (vide infra). For
each AuNP solution measured we determined the ag-
gregation parameter.'®* The results of these measure-
ments show that, in the investigated xyu, range
(0.09—0.33), both passivation systems (1/2 and 3/4) ef-
fectively stabilize the AuNPs against aggregation with
no significant difference (NaCl concentration tested up
to 2 M, see Figure S-6). Increasing the amount of
w-amino component 2 or 4 in the passivation reaction
beyond xyu, = 0.33 resulted in AuNPs that strongly ad-
hered to glass surfaces and was therefore not further
considered.

Conjugation of Peptides to AuNPs. With the aim of devel-
oping AuNPs selectively targeting N-methyl-p-aspartate
(NMDA) receptors, we report here the preparation of
several types of conantokin-G (Con-G) functionalized
nanoparticles, directly comparing the two introduced
passivation systems (alkyl-PEG600 thiols 1/2 and
PEG3000 thiols 3/4). The coupling strategy, based on a
heterobifunctional linker, was previously established by
us for AUNPs passivated with a mixture of alkyl-PEG600
thiols.2® We have varied the AuNP size and the number
of amino groups in the passivation layer, thereby con-
trolling the final number of peptides per particle. We
also report the coupling of a biologically inactive pep-
tide sequence (Table 1) that we have later used as a
control in the cell-culture experiments (vide infra).

In parallel to each coupling experiment, we per-
formed a control experiment where the heterobifunc-
tional linker SM(EG), (succinimidyl-([N-
maleimidopropionamido]-diethyleneglycol) ester) was
omitted to assess the extent of place-exchange reaction
with the PEG thiols of the passivation layer (the pep-
tides carry a Cys-residue) and the presence of unspe-
cific adsorption (see Scheme S-3).

As a starting point, we prepared passivated AuNPs
with either alkyl-PEG600 thiols 1/2 or with PEG3000 thi-
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Figure 1. Average amount of peptides per nanoparticle (Npep, AUNP

@ = 32 = 3 nm). Left: AuNPs passivated with alkyl-PEG600 thiols 1/2.

Right: AuNPs passivated with PEG3000 thiols 3/4. xy4, = 0.14 in all
cases. For each peptide, filled columns (red or black) are Ny in the
presence of the linker SM(EG), and white columns are the corre-
sponding N, in its absence (place-exchange reaction, see text). Er-
ror bars are standard deviation of the measurements.

ols 3/4 (both with xyu, = 0.14) from a single batch of
seeded-growth AuNPs (@ = 32 = 3 nm). Peptides 5 and
6 were coupled to these passivated particles and the
number of coupled peptides per particle (Npept) Was
measured (Figure 1). For AuNPs passivated with alkyl-
PEG600 thiols, Npep: is consistent with our previous ex-

periments.?® Moreover, immobilization of the peptides
requires the presence of the heterobifunctional linker
SM(EG); and no place-exchange or unspecific adsorp-
tion was observed, irrespective of the peptide used. In
stark contrast, for AUNPs passivated with PEG3000 thi-
ols, a high number of immobilized peptides was also
observed in the absence of the heterobifunctional
linker SM(EG),, suggesting a place-exchange reaction.>®
We have repeated the peptide coupling experi-
ment keeping xyn, = 0.14 constant for both passiva-
tion systems and systematically analyzed AuNPs of dif-
ferent size, from independent seeded-growth batches
and from independent passivation reactions. The
measured Npep; are summarized in Figure 2 (the corre-
sponding numerical values are reported in Table S-2).
Coupling to AuNPs passivated with the alkyl-PEG600
thiols 1/2 always resulted in the selective immobiliza-
tion of the peptides on the passivation layer via the
heterobifunctional linker SM(EG),. In fact, the control
experiments consistently showed no coupled peptides
(Npept = 0 Or close to zero) in the absence of the linker.*®
Conversely, coupling to AuNPs passivated with
PEG3000 thiols 3/4 always resulted in significant pep-
tide immobilization even in the absence of the linker.
Moreover, the number of immobilized peptides is quite
variable and most likely depends on the extent of the
place-exchange reaction taking place for a particular
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Figure 2. Average amount of peptides per nanoparticle (Nyt) as a function of the AuNP surface area. Left: AuNPs passi-
vated with alkyl-PEG600 thiols 1/2. Right: AuNPs passivated with PEG3000 thiols 3/4. xyu, = 0.14 in all cases. For each pep-
tide (5 or 6), solid symbols (red or black) are Ny values obtained in the presence of the linker SM(EG), and open symbols are
Npept values obtained from the control experiments where the linker was omitted. Error bars are the standard deviation of

the measurements.
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AuNP sample. Nevertheless, it is important to realize
that in every case the extent of the place-exchange re-
action is far below complete replacement of the
PEG3000 thiols. Based on previous data, the fraction of
exchanged thiols is in fact estimated to be below 10%
(PEG3000 thiols per 30 nm-AuNP: ~2800).2

We also investigated the stability of the colloidal so-
lutions of these peptide-functionalized AuNPs under
conditions analogous to those reported for only passi-
vated AuNPs, that is, in cell culture medium and at in-
creasing NaCl concentrations. Again, we observed no
difference in stability between the two passivation sys-
tems irrespective of the conjugated peptide (5 or 6, see
Figures S-5 and S-6). Furthermore, these peptide-
functionalized AuNPs are as stable as the only passi-
vated AuNPs. This suggests that the PEG layer dictates
predominantly the stability of the colloidal solution
even for AuNPs where a small fraction of thiols have
been exchanged (PEG3000 passivation system). Yet, we
have shown above that the two passivation systems
definitely behave differently at the molecular level.

As discussed above, peptides are immobilized on
AuNPs passivated with PEG3000 thiols even in the ab-
sence of the heterobifunctional linker SM(EG), and this
is attributed to a measurable extent of place-exchange
reaction. For the reaction to occur, the peptides must
diffuse through the passivation layer to reach the gold
surface. Both peptides 5 and 6 have hydrophilic, nega-
tively charged sequences. We, therefore, speculate that
diffusion of the peptides through the passivation layer
may be slowed down for the alkyl-PEG600 system (1/2)
compared to the PEG3000 system (3/4) as a result of
the hydrophobic alkyl chains, resulting in improved
shielding of the AuNP surface. For the PEG3000 passiva-
tion system, it should however be possible to prevent
the place-exchange reaction, increasing the steric hin-
drance of the incoming thiol, thereby restraining its dif-
fusion through the passivation layer. Thus, by taking
an “infinitely large” thiol, immobilization should only
occur via the maleimide residues as in the case of the
alkyl-PEG600 system. To test this hypothesis, a sample
of PEG3000 passivated AuNPs (x4, = 0.14) was split in
two and one aliquot was functionalized with the
heterobifunctional linker SM(EG),, while the other re-
mained unfunctionalized. The AuNPs were then incu-
bated with commercially available thiol-functionalized
magnetic beads (0.7—1.4 pm, the “infinitely large”
thiol). After washing, the samples were imaged by SEM.
Clearly AuNPs were immobilized on the micro bead sur-
face only if they had been functionalized with the linker
and therefore carried maleimide residues (Figures S-10a
vs S-10b). Hence, if the incoming thiol is not allowed
to diffuse through the passivation layer, here for steric
reasons, no place-exchange reaction takes place and no
AuNPs are immobilized in the absence of the linker.
This experiment strongly supports the hypothesis that
the immobilization of peptides on AuNPs passivated

www.acsnano.org
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Figure 3. Average amount of coupled peptides per nanoparticle
(Npept) as a function of xyu, for AuNPs passivated with alkyl-
PEG600 thiols 1/2, @ = 30 = 3 nm. Error bars are standard devia-
tion of the measurements.

with PEG3000 thiols in the absence of the linker is in-
deed due to place-exchange.

The concomitant occurrence of place-exchange
and linker-mediated peptide immobilization observed
for AuNPs passivated with PEG3000 thiols 3/4 precludes
the possibility of controlling the number of coupled
peptides under our experimental conditions. On the
other hand, the selective linker-mediated peptide im-
mobilization observed for AuNPs passivated with alkyl-
PEG 600 thiols 1/2 should allow control of Npep: by vary-
ing the number of functionalizable amino groups Nys,
in the passivation layer. To test this, AUNPs were passi-
vated with alkyl-PEG600 thiols 1/2 at increasing Xy,
which in turn resulted in increased Nyu,. Subsequent
functionalization with peptides 5 and 6 showed that
Npept also linearly increased with xyu, (see Figure 3 and
Table S-3).

Binding of ConG Functionalized AuNPs to NMDA Receptors.
NMDA receptors are glutamate-gated ion channels
with high permeability for calcium in the mammalian
central nervous system.”’~%° The peptide-toxin ConG>*
is a well-known NMDA receptor antagonist with high
selectivity for receptors containing the subunit
NR2B.5"%2 Because of its subunit selectivity, the 17-
amino acid long peptide ConG is a very interesting
and promising drug candidate for the treatment of dis-
eases related to NMDA malfunctioning.®*%* The way
ConG affects the activity of NMDA receptors has been
studied intensively at the cellular level #5557 A widely
used in vitro model system is based on HEK 293 cells,
which recombinantly express the NMDA receptors.®86°
This system is very well established and was reported in
1992 in conjunction with the cloning of the NMDA re-
ceptor subunits NR2A, NR2B, and NR2C from rat brain.”®
Thus, for further investigations with ConG-
functionalized AuNPs, we chose HEK 293 cells tran-
siently expressing NMDA receptors comprising the
NR1a and NR2B subunits. We then addressed three
main questions: (i) if ConG-functionalized AuNPs selec-
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Figure 4. Selective binding of AuNPs functionalized with peptide 5 (AuNP-5, ConG sequence) to HEK 293 cells expressing NMDA recep-
tors (NR1a/NR2B, transfection efficiency ~50%). AuNP-6, particles functionalized with the mock-peptide 6; AuNP, passivated AuNPs, no
coupled peptides; AuNP-5-no linker, SM(EG), omitted during coupling, peptides are directly immobilized on the Au surface (only for
PEG3000 passivation system, see text). AuUNP diameter @ = 29 + 3 nm. Alkyl-PEG600 passivation system (1/2): xyu, = 0.14; Npepr, 76 = 5
(AuNP-5); 63 £+ 9 (AuNP-6). PEG3000 passivation system (3/4): x4, = 0.14; Npepr, 91 = 14 (AuNP-5); 62 + 20 (AuNP-6); 100 + 22 (AuNP-
5-no linker). The gray area (~400 AuNP/cell) represents the limit of detection for the assay. Error bars are standard deviations of three in-
dependent experiments.

AuNP/cell

tively bind to NMDA receptors; (ii) if the affinity for the
receptor is affected (and to what extent) by the multi-
valent nature of our AuNPs-peptide conjugates; and (iii)
if the topological localization of the immobilized pep-
tide on the AuNP surface, that is, on the passivation
layer as opposed to within the passivation layer (Fig-
ure 4), affects binding.

Transfected HEK 293 cells were incubated with the
required AuNP solution in cell culture medium for 30
min. Subsequently, cells were washed, suspended by
trypsinization, and counted. The total content of gold
in the sample was determined by ICP-OES after treat-
ment with aqua regia. The average number of AuNPs
per cell was calculated from the amount of gold and the
number of cells in the sample. For both passivation sys-
tems (alkyl-PEG600 thiols 1/2 and PEG3000 thiols 3/4)
we considered AuNPs functionalized with peptide 5
(ConG sequence) versus AuNPs functionalized with the
biologically inactive peptide 6 (mock-peptide). Simply
passivated AuNPs were taken as a control. Importantly,
all AuNPs had the same size and a comparable number
of Npept (Figure 4).

100004
80004
60004
4000+

20004

1E-12 1E-11 1E-10 1E-9
Conc. AuNP (M)

v
1E-13

Figure 5. Binding curve for AuNPs (@ = 29 = 3 nm) functional-
ized with peptide 5 (ConG sequence) to NMDA receptors ex-
pressed by HEK 293 (NR1a/NR2B receptor subunits, transfec-
tion efficiency ~50%). Alkyl-PEG600 passivation system: thiols

1/2 xwu, = 0.14; average number of peptides per AuNP, 80 * 5.
ACNT AN . .
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AuNPs carrying peptide 5 (ConG sequence) always
bind in significantly higher number to the cells (8620
*+ 630 AuNP/cell for alkyl-PEG600 and 8930 * 350
AuNP/cell for PEG3000 passivation) compared to AuNPs
functionalized with the mock peptide 6 (=2700 AuNP/
cell) or only passivated AuNPs (=1900 AuNP/cell). These
background levels may possibly originate from incom-
plete removal of the unbound AuNPs. The typically not
strongly adhering HEK293 cells must be rinsed very
gently to avoid detaching them from the support.
Therefore, AuNPs that are loosely and unspecifically at-
tached to the cell membrane, within folds and wrinkles,
or even on the bottom of the Petri dish could possibly
not be completely washed out in the three rinsing
steps. On the other hand, we cannot completely ex-
clude that a small fraction of the number of particles
per cell may be the result of cellular uptake (generally
via endocytosis for particles of this size).” It is however
known that cellular uptake strongly depends on the sur-
face characteristics of the AuNPs.”? Therefore, this con-
tribution is most likely small since the AuNPs used for
the two controls give substantially the same back-
ground values although differing in surface functional-
ization (AuNPs with mock peptide or simply passivated
AuNPs). Furthermore, it was clearly shown that PEGy-
lated AuNPs are not, or only minimally, internalized
even after several hours incubation with cells,''73
while in our case the incubation time is restricted to
30 min. Finally, it is worth noticing that the compari-
son with AuNPs functionalized with the mock peptide
6 allows emphasis of the specificity of the interaction
between the NMDA-receptors and the AuNPs carrying
the correct ConG sequence (5) and minimizes any un-
specific contribution. Similar binding for alkyl-PEG600
AuNP-5 and PEG3000 AuNP-5 is not surprising because
both possess fully exposed peptides. In addition,
PEG3000 AuNP-5 conjugates display peptides within
the passivation layer, which bind with lower affinity
(vide infra). Unfortunately, it is not possible to give a re-
liable estimate of the relative amount of peptides
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within the passivation layer versus peptides on the sur-
face of the passivation. In fact, the variations in the ex-
tent of place-exchange reaction are comparable to the
number of meleimide-coupled peptides (Figure 2).

We also investigated samples of PEG3000 passivated
AuNPs functionalized with ConG peptides prepared by
omitting the heterobifunctional linker SM(EG), during
the coupling step (indicated as AuNP-5-no linker). In
this case, as discussed above, the peptides are immobi-
lized via place-exchange reaction and therefore reside
only within the passivation layer. In contrast, AUNP-5
with alkyl-PEG600 thiols carry peptides immobilized
only on the solvent-exposed interface of the passiva-
tion layer. Comparison of these two systems shows a
significantly reduced number of particles per cell for the
AuNP-5-no linker system (4730 = 140 AuNP/cell), de-
spite the Nyt for the two AuNP samples being practi-
cally identical (100 = 22 vs 91 = 14). This result confirms
the validity of our design, directly proving that optimal
interaction between a biologically active peptide and a
cell-membrane receptor can be achieved by immobili-
zation of the peptide at the solvent-exposed interface
of the passivation layer. Furthermore, for the alkyl-
PEG600 passivated AuNP-5, we determined the bind-
ing strength between the nanoparticles and the NMDA
receptors. HEK 293 cells expressing NMDA receptors
were incubated with increasing nanoparticle concentra-
tions. For each sample we performed the binding as-
say reported above to quantify the number of AuNP per
cell. The results, plotted as a function of AuUNP concen-
tration, gave a well-defined binding curve from which
the dissociation constant could be estimated as Kp_aunp
= (2.8 = 1.0) X 107" M (Figure 5). Because the AuNPs
used in this experiment (@ = 29 = 3 nm) carry 80 = 5
copies of peptide 5 per particle, the apparent dissocia-
tion constant for the ConG peptide, when conjugated
to the AuNPs, is Kp.cong = (2.2 = 0.8) X 10~° M. By com-
parison, the binding affinity for soluble ConG, deter-
mined in a very similar HEK 293 cell system, was found
to be 2.3 WM.® This large increase in binding affinity of
approximately 10° times is a direct consequence of the
multivalency?® of these AuNPs and indicates that even
in the case of relatively weak ligand—receptor interac-
tion, efficient receptor targeting can be reached with
low AuNP concentrations (below 1 nM). While for label-
ing purposes, such as immunogold labeling, a rela-
tively low binding efficiency can still be acceptable and
unproblematic,”*”> multivalent, strongly binding
AuNPs, such as those described here, are certainly ad-
vantageous for the development of functional nano-
materials, where for instance a biological function can
be elicited by binding of a functionalized AuNP.

The specific binding of the AuNPs functionalized
with peptide 5 on the cell membrane of HEK 293 cells
expressing NMDA receptors was also confirmed via SEM
analysis. Based on the binding data described above,
cells were incubated with AuNPs passivated with alkyl-
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Figure 6. SEM micrographs showing the selective binding
of AuNPs (@ = 29 + 3 nm) functionalized with peptide 5
(ConG sequence) to HEK 293 cells transfected with NMDA re-
ceptors (NR1a/NR2B, transfection efficiency ~50%). Alkyl-
PEG600 passivation system: thiols 1/2 xy4, = 0.14, average
number of peptides per AuNP: (a) AuNP-5: 80 = 5; (b)
AuNP-6: 62 * 5.

PEG600 thiols functionalized either with the biologi-
cally active peptide 5 or with the mock peptide 6 at an
AuNP concentration of 0.17 nM, corresponding to 1 X
10'"" part/mL. Under these experimental conditions, ap-
proximately 80% of the NMDA receptors in our system
can be targeted. The samples were then washed, fixed,
and prepared for imaging. Cells incubated with the
AuNP-5 conjugate show a high number of AuNPs on
their cell-membrane surface (Figure 6a), while we were
not able to find particles bound to cells in the case of
the AuNP-6 conjugate (Figure 6b). Nevertheless, during
the binding assay reported above (Figure 4) we could
detect a relatively small number of AuNPs per cell for
both only passivated AuNPs (<1900 AuNP/cell) and
AuNPs-6 (=2700 AuNP/cell). These background levels
are probably due to residual unspecific binding (e.g., to
the extracellular matrix) or to cellular uptake and can
be quantitatively appreciated only by the binding as-
say carried out on a whole cell population and not by
SEM imaging. Taken together these results definitely
prove that the ConG sequences immobilized on our
AuNPs are recognized by the NMDA receptors on the
membrane of HEK 293 cells with high specificity.

CONCLUSIONS

In this study we have reported the preparation of
PEG-passivated AuNPs functionalized with a precise
number of biologically active peptides. The aim of this
paper was, first of all, to show a direct comparison be-
tween two widely used PEG-thiol-based passivation sys-
tems. One system consists of derivatives with a Cy;-
alkyl chain between the thiol group and the PEG
segment and is here represented by alkyl-PEG600 thi-
ols 1/2. The other consists of derivatives with a thiol-
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terminated PEG chain, in this study, PEG3000 thiols
3/4. Although both systems result in an equally good
stabilization of the colloidal AuNP solutions in media of
high ionic strength, we showed that the two systems
behave differently during conjugation of Cys-
terminated peptides via an NHS-maleimido heterobi-
functional linker. No concomitant place-exchange reac-
tion was observed for AUNPs passivated with thiols
1/2. In contrast, this reaction took place to a small but
measurable extent for AuNPs passivated with thiols 3/4
and a considerable number of peptides were immobi-
lized on the nanoparticles even in the absence of the
linker. As a consequence, precise control over the num-
ber of coupled peptides per particle is only possible
with the passivation system based on thiols 1/2. Addi-
tionally for this system, the peptides are coupled only to
the solvent-exposed interface of the passivation shell
and we demonstrate here that this allows optimal inter-
action between the AuNPs and receptors on the cell
surface. Taking AuNPs functionalized with peptide 5
(ConG sequence) and HEK 293 cells expressing NMDA
receptors, we have established a binding assay to deter-
mine the average number of AuNPs per cell. We have
compared AuNPs carrying the peptides only on the pas-
sivation layer (AuNP-5, alkyl-PEG600 system) with
AuNPs carrying the peptides only on the gold surface,

METHODS

Materials. All reagents used were purchased from Sigma-
Aldrich, Fluka, or Acros Organics, unless mentioned otherwise,
and used without further purification. 5(6)-Carboxyfluorescein
was purchased from Novabiochem. The heterobifunctional linker
succinimidyl-([N-maleimidopropionamido]-diethyleneglycol) es-
ter (SM(EG),) was obtained from Pierce and dithiothreitol (DTT)
was obtained from Serva. PEG3000 thiols 3 and 4 were pur-
chased from RAPP Polymere GmbH (Tuibingen, Germany). Pep-
tide 5 (sequence: GEyyLQYNQyLIRYK(TAMRA)SNC-NH,; v =
gamma-carboxy glutamate, TAMRA = tetramethylrhodamine)
was purchased in a custom synthesis from PSL-Peptide Specialty
Laboratories (Heidelberg, Germany). Peptide 6 (sequence: GE-
UULQUNQULIRUK(TAMRA)SNC-NH,; U = gamma glutamate) was
purchased in a custom synthesis from Biosyntan (Berlin, Ger-
many). For the coupling experiments, dimethylformamide with
certified low free-amine content was used (DMF: peptide synthe-
sis quality, Fluka). Dulbecco’s Modified Eagle Medium (DMEM),
0.05% trypsin/EDTA, and fetal bovine serum (FBS) were pur-
chased from Gibco, paraformaldehyde (16% in methanol) from
Alfa Aesar, glutaraldehyde (25%) for electron microscopy from
Merck, poly-L-lysine (0.1% w/v in water) from Sigma, propidium
iodide (PI; 1 mg/mL) from Sigma Aldrich, lipofectamine 2000
from Invitrogen, NR1 antibody (MAB1586) from Millipore, and
Anti-Mouse IgG (whole molecule) —R-Phycoerythrin antibody
from Sigma. All glassware employed for nanoparticle prepara-
tion and storage was cleaned with aqua regia (HCI (37%)/HNO3
(65%) 3:1). Ultrapure deionized water (TKA GenPure water purifi-
cation system, 18.2 MQ) cm) was used for the preparation of all
aqueous solutions. All solutions used for nanoparticle prepara-
tion were filtered through a 0.2 wm membrane filter (Whatman).
Ultrafiltration of nanoparticle samples was carried out on Ami-
con Ultra-4 Centrifugal Filter Unit, regenerated cellulose, 100 kDa
from Millipore; gel filtration on NAP-10 columns from GE
Healthcare.

Instrumentation. The size of the gold nanoparticles was ana-
lyzed via SEM (Zeiss, Ultra 55 equipped with a Gemini gun, 5—10
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that is, within the passivation layer (AuNP-5-no linker,
PEG3000 system). For the first system, a significantly
higher number of AuNPs per cell was observed, con-
firming the higher accessibility of the peptides. Finally,
we have measured a 10° times increase in binding affin-
ity for the AuNP-coupled peptide (AuNP-5, alkyl-
PEG600 system, Npept = 80 *+ 5) compared to the free
peptide in solution. This result shows that, even in the
case of relatively weak ligand—receptor interactions (Kp
in the wM range), high affinity AUNP probes can be de-
veloped as a result of the multivalent nature of these
objects. The AuNP preparation strategy reported in this
paper, in conjunction with the distinctive characteris-
tics of the passivation system based on alkyl-PEG600
thiols 1 and 2, allows direct and quantitative control of
the multivalent nature of the AuNPs. Conjugation of
peptide-based NMDA receptor antagonists to AuUNPs
could be used to spatially restrict NMDA-receptor-
blockade to specific cellular locations and may be suit-
able to specifically block extrasynaptic NMDA receptors
that promote cell death pathways and neurodegenera-
tion.”® We are currently investigating the targeting of
functionalized AuNPs to other relevant cell surface re-
ceptors and progress in this direction will be reported
in due course.

kV) or TEM (Philips CM 200, 200 kV). UV/vis spectra and fluores-
cence measurements were carried out using a TEKAN Infinite
M200 plate reader. The concentration of gold was determined
via ICP-OES (Spectro, CIROS CCD) or AA (Perkin-Elmer, PE 5000).
NMR spectra were recorded on a Bruker AMX-300 spectrometer.
"H NMR spectra were calibrated to TMS on the basis of the rela-
tive chemical shift of the solvent as an internal standard.
MALDI-TOF mass spectra were recorded on a Bruker BIFLEX Il
spectrometer.

AuNP Seeded-Growth. AUNP seeds (15 mL, 6.5 nM, 12— 14 nm di-
ameter*') were added to an aqueous solution of hydroxylamine
hydrochloride (180 mL, 10 mM). An aqueous solution of HAuCl,
(255 mL, 0.65 mM) was added at constant flow (50 mL/h, KD Sci-
entific syringe pump) while the receiving solution was continu-
ously stirred with a magnetic stirrer. After addition was com-
pleted, the resulting deep red solution was centrifuged (40 min,
4160 X @), the supernatant was discarded, and the AuNPs were
resuspended in 9 mL water. Figure S-1 shows the development
of the AuNP size upon addition of HAuCl, in one of these seeded-
growth reactions.

Synthesis of Alkyl-PEG600 Thiols 1 and 2. Thiolated PEG derivatives
carrying an alkyl chain between the sulfhydryl group and the
ethylene glycol chain were prepared according to the synthetic
strategy developed by the Whitesides’ group,”’”® with additional
steps allowing for the introduction of w-carboxyl*¢’9# and
w-amino groups.?! Notably, thiol derivatives 1 and 2 are not com-
mercially available. They are not single compounds, but mix-
tures of homologous compounds, because the PEG segment
comes from a mixture of oligomers whose chains are on aver-
age 13 ethylene glycol units long (PEG600). While taking PEG600
as the starting material may be regarded as introducing addi-
tional difficulties during purification compared to a single PEG
compound, it has the advantage of being an inexpensive source
of medium length PEG chains. The complete synthetic strategy
(Schemes S-1 and S-2) and the characterization of each interme-
diate are reported in the Supporting Information.
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Passivation of the AuNPs. Typical passivation reactions were car-
ried out by adding the AuNPs to an aqueous solution contain-
ing NaHCO; and a mixture of amino- and carboxy-terminated
thiols (1/2 or 3/4) with the desired molar fraction of amino-
terminated derivative (0.09 = xyu, = 0.33). Stock solutions of thi-
ols in EtOH (5 mM) were freshly prepared and directly used or
used within a few days, during which they were stored at —20 °C.
Final reaction volume was typically 1.75 mL, and final concentra-
tions were AuNPs 1—5 nM, NaHCO; 25 mM, and total thiols (1
+ 2 or 3 + 4) 1 mM, and therefore, the reaction mixtures con-
tained 20% volume of EtOH. Stirring at rt was continued for
48—72 h after which AuNPs were purified by ultrafiltration us-
ing Amicon Ultra 4 centrifugal filter units (1 X 4 mL H,0, 4 X 4
mL EtOH/40 mM NaHCOs; buffer pH 8.4 (2:8) and 3 X 4 mL 40 mM
NaHCO; buffer) followed by gel filtration on NAP-10 columns
(elution with 40 mM NaHCO; buffer).

Salt Aggregation Tests and Stability in Cell Culture Medium. The tests
were carried out in a 96-microtiter plate, with a 200 pL final vol-
ume per well. Aliquots (10 pL) of AuNP colloidal solution (4 nM)
were pipetted into the necessary amount of water and then in-
creasing volumes of a 3 M NaCl stock solution were added. The
solutions were shaken vigorously and incubated for 30 min be-
fore measuring the UV—vis spectra. The final NaCl concentra-
tions were 0.4, 0.8, 1.2, 1.6, and 2.0 M. Alternatively, 10 p.L ali-
quots of AuNPs colloidal solution (4 nM) were diluted to 200 wL
with cell culture medium (DMEM, without phenol red). UV—vis
spectra were recorded every 30 min for 12—24 h.

Coupling of Peptides 5/6 (Scheme S-3). The experimental proce-
dure for coupling peptides to PEG-passivated AuNPs has al-
ready been reported.?®

Coupling of AuNPs to Thiol-Functionalized Magnetic Beads. Thiol-
functionalized magnetic beads (MagSi-Tools 1.0 from Magna-
Medics) were pretreated following the procedure described by
the manufacturer. AuNPs passivated with PEG3000 thiols 3/4 (50
L, ~1=5nM in 100 mM sodium phosphate buffer, pH 7.0)
were functionalized by the addition of SM(EG), linker solution
(5 L, 50 mM in DMF) and shaken 2 h at 4 °C. Purification of the
linker functionalized AuNPs was performed via ultrafiltration fol-
lowed by gel filtration eluting with water. The resulting AuNP so-
lution was incubated overnight with the magnetic beads at
4 °C. The beads were repeatedly washed with 40 mM NaHCO;
(7X), transferred on a silicon wafer and imaged by SEM. A sec-
ond AuNP aliquot was treated in parallel in the same way, how-
ever, omitting the linker. These AuNPs remained therefore un-
functionalized and were used as a control.

HEK 293 Cell Culture. HEK 293 cells (DSMZ, Braunschweig) were
cultured in DMEM with 10% FBS (called in the following para-
graphs “culture medium”) at 37 °C/5% CO, and passaged every
2—3 days.

Optimized Transfection Protocol. A total of 24 h after having
seeded the cells, the standard culture medium was replaced
with 2 mL of DMEM containing 500 pM of pL-2-amino-5-
phosphonopentanoic acid (APV). For transfection, two solutions
were prepared separately: (a) 10 L of lipofectamine 2000 were
diluted in 100 pL of DMEM and (b) plasmids (4 g each of the
two plasmids encoding the receptor subunits NR2B and NR1a)
were dissolved in 100 pL of DMEM. After 5 min, the two solu-
tions were combined and incubated at rt for 20 min. Subse-
quently, this solution was added slowly to the cells (the reported
amount is used for each well of a six-well plate), mixed gently,
and incubated for 3 h at 37 °C/5% CO,. Afterward, the medium
was replaced with 3 mL of cell culture medium containing 500
1M APV and kept at 37 °C/5% CO, for 24 h. The conditions re-
ported above represent the best conditions found compromis-
ing between cell viability and transfection efficiency.

Cell Counting. The number of living cells was determined 24 h
after transfection. Cells were washed with cell culture medium
(2 X 2 mL) and with PBS (1 X 2 mL) to remove dead cells and
then trypsinized with 700 L of trypsin/EDTA at 37 °C/5% CO, for
2 min. After standard washing and resuspension, cells were
counted using a Z2 Coulter Particle Count and Size Analyzer.

Flow Cytometric Analysis for Determination of Transfection Efficiency. A
total of 24 h after transfection, cells were washed and trypsinized
as reported above, dispersed in PBS (1 X 106 cells/mL), and then
analyzed via flow cytometry using a Beckman Coulter, cytomics
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FC 500 instrument. Positively transfected cells were identified
by the GFP fluorescence signal, which originates from expres-
sion of the NR2B subunit-GFP fusion protein. In parallel, to deter-
mine the amount of nonviable cells, propidium iodine (PI; 20
wL, 0.5 pg/pl) was added to 1 mL of cell suspension in PBS, in-
cubated for 15 min, and measured.

Antibody Labeling of Cells Transfected with cDNA Encoding the NR1a
Receptor Subunit. Recombinant expression of the NR1a receptor
subunit after transfection was confirmed by antibody labeling
[primary antibody: anti-NMDART, all splice variants, clone R1JHL
from Millipore (MAB1586); secondary antibody: Anti-Mouse IgG
(whole molecule)—R-Phycoerythrin antibody from Sigma]. The
labeling procedure was performed following the instruction de-
scribed by the manufacturer (Fix and Perm reagents, Invitrogen).
Shortly, transfected cells were tripsinized, washed and resus-
pended. For fixation, 5 X 10° cells were resuspended in 100 L
of fixation solution and incubated for 15 min at room tempera-
ture. Afterward, 3 mL of PBS (5% FBS) were added, and the cell
suspension was centrifuged for 5 min at 300 X g. The superna-
tant was removed and cells were resuspended in 100 L of per-
meabilization reagent and mixed gently. The primary antibody
(300 pL; 1:1000) was added and incubated with the cells for 15
min at rt. The cell suspension was then added of 3 mL of PBS (5%
FBS) and centrifuged for 5 min at 300 X g. The cell pellet was
then taken up in a mixture of 100 pL of permeabilization reagent
containing the PE-conjugated secondary antibody (1:600) and
500 pL of PBS. The suspension was incubated for 20 min at rt in
the dark and then diluted with 3 mL of PBS (5% FBS). The cells
were again centrifuged (5 min, 300 X g) and resuspended in PBS
for flow cytometry analysis.

Binding Assay (Scheme S-4). HEK 293 cells were transfected with
cDNAs encoding the NR2B/NR1a receptor subunits and cul-
tured for 24 h at 37 °C/5%CO,, as described above. The trans-
fected cells were then washed with culture medium (2 X 2 mL)
and with PBS (1 X 2 mL) to remove dead cells and the NMDA re-
ceptor antagonist APV. The AuUNP samples were pipetted onto
the cells (1 X 10" AuNPs in 50 pL of 40 mM NaHCO; buffer di-
luted within 700 pL of culture medium) and incubated for 30 min
at 37 °C/5% CO,. Subsequently, the fluid was aspirated and the
cells were washed with culture medium (2 X 2 mL) and with PBS
(1 X 2 mL) to remove unbound AuNPs. The cells were then
trypsinized with 700 pL of trypsin/EDTA for 2 min. A total of 1
mL of culture medium was added, and the suspension was trans-
ferred in a 15 mL Falcon tube followed by an additional 1 mL por-
tion of cell culture medium used to rinse the well. The suspen-
sion was shortly vortexed to make it homogeneous and a 100 L
aliquot was withdrawn to determine the total number of cells.
The rest of the suspension was centrifuged for 45 min at 4160 X
g to ensure complete AuNPs sedimentation. The supernatant
was discarded and the cell/AuNPs pellet was treated with 0.5 mL
of concd HCl and 0.25 mL of concd HNOs. After a 1 h digestion,
the solution was quantitatively transferred into a 10 mL volumet-
ric flask and made up with Milli-Q water to the final volume.
The amount of gold in this solution was determined by ICP-OES
analysis. The detection limit for the gold content measurements
(three times the standard deviation of the baseline) corresponds
to 0.05 pg/mL. Because the number of cells used in a binding as-
say is ~1 X 10° cells and the used AuNPs had a diameter of 29
nm, the limit of detection for the assay corresponds to ~200
AuNP/cell. However, to account for the variation in the number
of cells between different samples, we have taken 400 AuNPs/
cell as a more conservative estimate of the limit of detection (Fig-
ure 4).

Determination of the Binding Affinity of Peptide-Conjugated AuNPs.
Peptide 5 (ConG sequence) was conjugated to alkyl-PEG600 pas-
sivated AuNPs (@ = 29 * 3 nm, thiols 1/2 xyy, = 0.14), as re-
ported above. The number of conjugated peptides was deter-
mined: Npepr = 80 * 5. Samples of HEK 293 cells recombinantly
expressing NMDA receptors (NR2B/NR1a transfection efficiency
~50%) were incubated with AuNP-5 dissolved in 200 pL of 40
mM NaHCO; and 700 pL of culture medium for 30 min. The
nanoparticle concentration was varied in the interval 1 X 10'2—5
X 107 particles/mL, which corresponds to 1.66—8.30 X 10>
nM. To determine the average number of AuNPs per cell, each
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cell sample was further treated as described for the binding
assay.

Cell Preparation for SEM Imaging. Cells samples on poly-L-lysine
coated glass coverslips were incubated with the desired pep-
tide conjugated AuNPs (AuNP-5 or AuNP-6) for 30 min. Unbound
AuNPs were washed with PBS and cells were fixed with 4%
paraformaldehyde and 1.5% glutaraldehyde in 0.1 M cacodylate
buffer for 2 h. Dehydration of the cells was performed with suc-
cessive washing steps of increasing EtOH concentration
(20—100% EtOH in water) followed by critical point drying
(Bal-Tec critical point dryer, CPD 030) and carbon coating (Bal-
Tec MED 20 coating system). Prepared samples were then im-
aged via SEM.
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