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Abstract

Ultrasmall gold nanoparticles (AuNPs) are an emerging class of nanomaterials exhibiting
distinctive physicochemical, molecular and /7 vivo properties. Recently, we showed that ultrasmall
AUNPs encompassing a zwitterionic glutathione monoethyl ester surface coating (AUGSH )
were highly resistant against aggregation and serum protein interactions. Herein, we performed

a new set of biointeraction studies to gain a more fundamental understanding into the behavior
of both pristine and peptide-functionalized AuGSH, in complex media. Using the model Strep-
tag peptide (WSHPQFEK) as an integrated functional group, we established that AUGSH ¢
could be conjugated with increasing numbers of Strep-tags by simple ligand exchange, which
provides a generic approach for AuGSH,,: functionalization. It was found that the strep-tagged
AuGSH,,,; particles were highly resistant to nonspecific protein interactions and retained their
targeting capability in biological fluid, displaying efficient binding to Streptactin receptors in
nearly undiluted serum. However, AuGSH,,,; functionalized with multiple Strep-tags displayed
somewhat lower resistance against protein interactions and lower levels of binding to Streptactin
than monofunctionalized AuGSH, under given conditions. These results underscore the need
for optimizing ligand density onto the surface of ultrasmall AuNPs for improved performance.
Collectively, our findings support ultrasmall AuGSH_, as an attractive platform for engineering
functional, protein-mimetic nanostructures capable of specific protein recognition within the
complex biological milieu.

INTRODUCTION

Ultrasmall gold nanoparticles (AuNPs) have recently emerged as attractive
nanoformulations for /in vivo disease diagnosis and therapy, especially in the area of cancer
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nanomedicinel-8. Owing to their small sizes (~ 1-3 nm in core diameter) and strong
resistance against serum protein interactions, ultrasmall AuNPs are efficiently removed
from circulation through renal clearance and show reduced levels of uptake in the liver and
spleen. Ultrasmall AuNPs are also able to accumulate in the tumor tissue via the enhanced
permeation and retention effect, resulting in uptake levels comparable to those of more
conventionally large particles (~ 2—-10 %ID/g)2.

The ability of ultrasmall AuNPs to resist nonspecific interactions with serum proteins /n
vivo is the result of both the particles’ small size and the antifouling properties of their
especially designed surface coatings®-17. Concerning the effect of size, the limited contact
area between ultrasmall particle and protein may in itself prevent the formation of long-lived
interactions!4 18-20, For example, we have previously demonstrated the transient nature of
ultrasmall AuNP-protein interactions by quantifying the kinetics of complex dissociation.
Short residence times in the few-second time scale were obtained for the electrostatically-
driven interactions between negatively charged AuNPs and the proteins CrataBL and
a-thrombin1%-20, However, fabrication of essentially “non-interacting” AuNPs requires
even shorter residence times for complex dissociation in combination with very slow

rate constants for complex association. This can be accomplished by surface passivation
with PEG or zwitterionic ligands, which form strongly bound hydration layers generating
repulsive forces against protein interactions?1-23,

Among the different types of ultrasmall AuNPs and nanoclusters under development for

in vivo applications, those coated with the natural tripeptide glutathione (GSH) have been
most intensively investigated: 4 11.24-25 However, it should be noted that GSH has a net
charge of —1, hence it is not a true zwitterion. As a result, we have found that ultrasmall
GSH-coated AuNPs (AuGSH) are not colloidally stable in biological fluid above a size
threshold around 2 nm28, owing in part to the aggregating action of divalent cations such
as Ca2* and Mg?* 26-27_ To overcome the size-dependent stability of AuUGSH, we therefore
prepared new ultrasmall AuNPs by substitution of the negatively charged GSH ligand for its
zwitterionic derivative — glutathione monoethy! ester (GSH,t; Fig. 1a)28. Indeed, the new
AuGSH,,,; particles displayed better colloidal stability in biological media than AuGSH,
while also being highly resistant against serum protein interactions.

The general antifouling properties of ultrasmall AuNPs raise the possibility that they could
be conjugated with additional functional moieties providing desired molecular-recognition
properties?®-31, Indeed, recent studies have demonstrated the fabrication of ultrasmall
AuUNPs covered with targeted peptides for the recognition of intracellular proteins and
membrane receptors3?: 32-41 Nonetheless, additional work is still needed to characterize
and understand in more detail the behavior of functional ultrasmall AuNPs in complex
media. For example, there is surprisingly little work done on the functionalization of the
widely used ultrasmall AUGSH particles with peptides and systematic evaluation of the
corresponding constructs in biological media33: 42,

Previously, we attached the model Strep-tag 11 peptide (WSHPQFEK)#3-44 onto ultrasmall
AuGSH,,, and demonstrated the ability of these functionalized particles to interact with
target Streptactin receptors28. Given the apparent superior properties of GSH,,; over
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standard GSH as a surface coating for ultrasmall AuNPs as mentioned above, we now
extend upon this previous work and perform a more systematic investigation of AUGSH,,
behavior in complex media. For example, we show that ultrasmall AuGSH,,,; can be
functionalized with a single Strep-tag peptide for binding specifically to Streptactin
receptors in nearly undiluted serum. We conclude that ultrasmall AuGSH,,,; constitutes

an attractive model platform for creating functional protein-mimetic nanostructures through
the attachment of bioactive peptides.

MATERIALS AND METHODS

Materials and reagents

Glutathione monoethyl ester was obtained from Bachem (Bubendorf, Switzerland).
p-mercaptobenzoic acid (>95%) was purchased from TCI America (Portland, OR).

The peptides ECGGG-WSHPQFEK and ECGGG-WSHPQFEK(FITC) (>95%) were
synthesized by LifeTein (Somerset, USA). Streptactin-coated sepharose beads, Strep-tag
and fluorescently-labeled Streptactin (Streptactin Oyster 645 conjugate) were purchased
from IBA GmbH (G6éttingen, Germany). The remaining reagents were purchased from
Sigma-Aldrich. Phosphate-buffered saline (PBS) solutions (pH 7.4; supplemented with
150 mM NaCl) were prepared before each experiment following standard protocols. The
cocktail of protease inhibitors used to prevent the enzymatic degradation of Strep-tag in
fetal bovine serum (FBS) consisted of ethylenediaminetetraacetic acid (10 mM), tosyl-L-
lysyl chloromethane hydrochloride (100 pM), benzamidine (10 uM) and 1.1-phenanthroline
monohydrate (5 mM).

Nanoparticle synthesis

Ultrasmall AuNPs coated with p-mercaptobenzoic acid (MBA) ligands (AuMBA) were
synthesized as described in previous reports26: 28. 45 and utilized in ligand exchange
reactions with GSH,,,: to produce AuGSH,,,+. In a typical ligand exchange, 10 nmol of
AUMBA in 100 uL PBS were treated with 10 pmol of GSH,,,; at room temperature

for 1h. The resulting AuGSH,,,; particles were precipitated by the addition of 100 uL
ethanol and 20 uL ammonium acetate, washed with water and re-precipitated a few times,
dried in air, then finally resuspended in 100 uL PBS. Functionalization with Strep-tag was
accomplished by treating AUMBA with ECGGG-WSHPQFEK for 1h followed immediately
by the addition of GSH_ as described above. Different feed ratios of peptide:AUMBA
(1:1, 1:2, 1:5, 1:1, 5:1, 10:1, 20:1, 50:1, 100:1 and 200:1) were used in the ligand exchange
reactions to produce AuGSH,,: with distinct functionalization levels. AUGSH,; particles
coated with ECGGG-WSHPQFEK(FITC) were also prepared in a similar way.

Quantification of Strep-tag incorporation

For peptide:AuUMBA feed ratios > 5:1, the number of Strep-tags attached per AuGSH,: was
quantified by fluorescence spectroscopy by measuring the emission signal from tryptophan
and comparing to a calibration curve. Prior to the measurements, the AUNPs (1 uM) were
etched with the reducing agent TCEP (50 uM). The corresponding calibration curve was
constructed by the addition of known quantities of Strep-tag to AuGSH,,; followed by the
addition of TCEP for etching. The number of Strep-tag(FITC) per AUGSH,,,; was quantified
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in a similar way, but using the emission signal from FITC and Strep-tag(FITC) to build the
calibration curve.

UV-visible spectroscopy, scanning transmission electron microscopy (STEM) and
analytical ultracentrifugation (AUC)

UV-visible spectra of the AuNPs in PBS buffer and in DMEM culture medium (without
phenol red) were acquired on a Shimadzu UV1800 spectrophotometer. Dark-field STEM
imaging of the AuNPs was performed on an FEI Tecnai TF30 TEM/STEM operating at

300 kV as previously described?8. Sedimentation velocity experiments were performed

in an Optima XL-I analytical ultracentrifuge (Beckman Coulter) following standard
protocols*6-48, The AuNPs (0.5-5 uM) in PBS buffer or mixed with bovine serum albumin
(BSA) in PBS (at 20 mg/mL) were loaded into AUC cell assemblies with 12 or 3 mm

Epon Charcoal-filled double-sector centerpieces and sapphire windows. After loaded into
the rotor, the cells were subjected to 2 h temperature equilibration at 20 °C, followed by
acceleration to 20,000 rpm. The sedimentation profiles of the AUNPs were monitored by
recording absorbance scans at 500 nm and by Rayleigh interferometry. This allows direct
visualization of particles up to ~ 500 S, and indirect assessment of larger aggregates through
depletion of the measured concentration of sedimenting particles > 500 S. The acquired
data were analyzed according to the standard c(s) analysis routine in SEDFIT49. The c(s)
distributions for the samples in 20 mg/mL BSA were corrected with an empirical nonideality
coefficient (0.009 mL/mg) for the sedimentation coefficient.

Polyacrylamide gel electrophoresis

Native polyacrylamide gel electrophoresis was used to characterize the ultrasmall AuNPs in
PBS (as control), in 40 mg/mL BSA and in undiluted FBS. The AuNPs were pre-incubated
in the different media for either 1 or 24 h, loaded into freshly prepared gels, and run using

a Mini-PROTEAN Tetra electrophoresis system from Bio-Rad. The runs were done at a
voltage of 70 V for the stacking gel and 110 V for the running gel. Running gels (15%) were
prepared with 2.05 M of acrylamide, 25.95 mM of bis-acrylamide, 0.374 M of Tris-HCI,
76.72 mM of TEMED and 2.35 mM of ammonium persulfate. Running gels of lower density
(7.5%) were made up with 1.03 M of acrylamide and 12.97 mM of bis-acrylamide. Stacking
gels (5%) in turn were prepared as 0.46 M of acrylamide, 5.81 mM of bis-acrylamide, 0.127
M of Tris-HCI, 88.06 mM of TEMED and 4.44 mM of ammonium persulfate. The running
buffer was 0.05 M Tris at pH 8.3 and all the samples were diluted 2x in loading buffer at pH
6.68.

Microscale thermophoresis

Measurements of free Strep-tag binding to free oyster-labeled Streptactin were performed
by microscale thermophoresis using a Monolith NT.115 instrument from Nanotemper
technologies (Munich, Germany). Strep-tag was pre-incubated in PBS, in 20 mg/mL BSA
or in 50% FBS for either 1 or 24 h prior to the measurements. The incubations in FBS
were done both in the absence and presence of protease inhibitors. Next, the Strep-tag
solutions were serially diluted in the range from ~ 1 nM to 100 pM Strep-tag and mixed
with a definite amount of oyster-labeled Streptactin (yielding 50 nM Streptactin in the final
mixture) in the presence of 0.05% Tween; each dilution point was measured in triplicate.
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The resulting mixtures were loaded into standard treated capillary tubes and inserted into
the instrument for data acquisition. Binding curves were generated by monitoring changes in
thermophoresis (expressed as AFnorm) as a function of Strep-tag concentration.

Affinity chromatography and affinity pull-down experiments

Streptactin sepharose columns were prepared as per manufacturer’s instructions. The
Streptactin columns were used primarily to separate the small fraction of strep-tagged
AuGSH,,,; from excess unmodified particles during the course of monofunctionalization.
Elution of immobilized strep-tagged AuGSH, was accomplished with a solution of 10
mM NaOH (we purposely avoided using biotin or desthiobiotin for elution since they would
interfere with the subsequent binding experiments if not removed completely from solution).
For the affinity pull-down experiments, AUGSH_t, AUGSH,,@1st and AuGSH,,,;@10st
were added to different biological media (PBS, DMEM culture medium, 40 mg/mL BSA,
and undiluted FBS supplemented with protease inhibitors) at a concentration of 1-2 uM and
left to incubate for 24 h under mild agitation; a shorter incubation time of 1 h was also

used for the AuNPs in FBS. Next, 100 pL of the AuNP solutions were added to 100 uL of
drained beads solution and left to incubate for 30 min under mild agitation. After settling of
the beads, the presence of AuNPs in the supernatant was verified by recording absorbance
measurements at 500 nm. Samples prepared in a similar way but in the absence of AuNPs
were used for background subtraction.

RESULTS AND DISCUSSION

Nanoparticle synthesis and characterization

Ultrasmall ~ 2 nm-sized AuMBA particles*® 50-51 were synthesized as described in
previous reports26: 28. 45 and utilized in ligand exchange reactions with GSH,, to produce
AUGSH,,,+. Characterization by STEM revealed that AUGSH,,,: had an average core
diameter around 2 nm (Fig. 1b). This was consistent with the UV-visible spectrum of the
particles, which showed the presence of a shoulder but lack of a distinct surface plasmon
resonance peak near 500 nm (Fig. 1c, red trace). Characterization of AuGSH,,: by AUC
revealed a distribution of sedimentation coefficients (s) centered around 20 S (Fig. 1d, red
trace). As a reference, previous AUC measurements of MBA- and GSH-coated AuNPs with
core sizes ranging from ~ 1.5 to 2.5 nm produced a spread in s-value distributions from
about 10 to 30 S26. UV-visible spectroscopy and AUC data for the parent AUMBA particles
are also shown in Fig. 1 for comparison (Fig. 1c and 1d, black traces).

Ultrasmall AuGSH,,, was functionalized with Strep-tag Il (WSHPQFEK) by performing
ligand exchange of AUMBA with ECGGG-WSHPQFEK and GSH,,,:. Here, cysteine was
introduced to anchor the extended Strep-tag peptide onto the Au surface via an Au-S bond,
glutamate was introduced to increase the cone angle of the ligand, and the three glycine
residues were added to keep the actual Strep-tag portion of the peptide sufficiently separated
from the AuNP surface?8. Different feed ratios of peptide:AUMBA (5:1, 10:1, 20:1,

50:1, 100:1 and 200:1) were employed to produce AuNPs with distinct functionalization
levels. Successful functionalization was confirmed from the complete immobilization of
strep-tagged AuGSH,,,; to a Streptactin sepharose column; in comparison, unfunctionalized
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AUGSH,,; used as control did not bind the column and was readily eluted with PBS (not
shown).

The number of Strep-tag ligands attached per AuUNP was estimated by recording the
fluorescence emission signal from the peptide (due to tryptophan) and comparing to a
calibration curve. Due to strong quenching of the fluorescence emission from the gold core,
the AuNPs were first etched with the reducing agent TCEP prior to the measurements.

Fig. 2a shows that the number of Strep-tags saturated as a function of feeding ratio,
reaching a maximum of ~ 8 peptides per AUGSH,,;. Of note, functionalization of ultrasmall
AUNPs via ligand exchange yields a heterogeneous nanoparticle preparation containing a
statistical distribution of Strep-tags. Therefore, the experimentally determined numbers of
Strep-tags per AUGSH,t as shown in Fig. 2a correspond to average values. In order to
confirm these results using a more sensitive method, Strep-tag was synthesized to contain a
fluorescein (FITC) moiety at its C-terminal lysine and introduced onto the AuNPs as before
via ligand exchange. The number of attached Strep-tag(FITC) ligands was quantified by
fluorescence spectroscopy using the emission signal from FITC32, yielding similar results
as the tryptophan measurements (Fig. 2a). In this work, AuGSH,,: particles functionalized
with the average maximum number of ~ 10 Strep-tags (AUGSH,,+@10st) were selected for
further investigation as described in the next sections.

Next, AUGSH,, particles containing a single Strep-tag peptide (AuGSH@1st) were
prepared. This was accomplished by using AUMBA in excess relative to Streptag during
ligand exchange (peptide:AuMBA feed ratios of 1:1, 1:2, 1:5 and 1:10). AUGSH

with Strep-tags attached were purified from excess unmodified particles by affinity
chromatography using a Streptactin column. The fractional concentration of AUGSH
containing Strep-tags was then calculated after eluting from the column, and the results were
plotted as a function of feed ratio as shown in Fig. 2b. It can be noticed that only a small
fraction of AuGSH,,; (< 10%) was functionalized with Strep-tag at the lower feed ratios

of 1.5 and 1:10, which, based on statistical considerations, implied the presence of a single
Strep-tag per AUNP>3. To understand this, we consider the statistical spread of ligands onto
the surface of nanoparticles, which can be well approximated by a Poisson distribution,
especially in the regime of low functionalization: Ak) = 1% e~/ k153-54_ Given a distribution
mean of A = 0.1, Poisson statistics predicts that approximately 90% of AuNPs will remain
unmodified and 10% will contain a single peptide, whereas a negligible percentage (< 1%)
of AuNPs will contain two or more peptides attached.

Fig. 1 presents additional characterization data for AUGSH,:@1st and AuGSH,,,;@10st.
STEM and UV-vis spectroscopy showed that the functionalized AuGSH,, particles

had similar core diameters as the pristine ones (~ 2 nm). Characterization by AUC
revealed similar peak maxima of ~ 20-23 S among the parent AUMBA, AuGSH,,,: and
AUGSH,,,;@1st particles, but a much lower maximum of 14.7 S for AUGSH,,+@10st.
The latter can be explained by increased hydrodynamic friction caused by the presence of
multiple Strep-tags onto the surface of AUGSH,,,;@10st.
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Characterization of nanoparticle behavior in biological media

The stability of AUGSH yt, AUGSH 1 @1st and AuGSH,,,:@10st in biological medium
was evaluated by incubating the AuNPs in pure DMEM medium for 24 h, followed by
UV-vis spectroscopy characterization. The results revealed no signs of AuNP aggregation or
degradation as judged from the UV-visible spectral profiles of the samples (Suppl. Fig. S1).

We next investigated the ability of the different AUNPS to resist interactions with serum
proteins. It should be first recalled that the characterization of ultrasmall AuNPs in
protein-rich media requires different approaches than those typically employed to study
protein adsorption onto conventionally large particlesl# 26.55-56 This is because protein
interactions with water-soluble ultrasmall AuNPs are inherently short-lived and thereby need
to be studied /n situ;, experimental methods that perturb the binding equilibrium (the main
example being centrifugation followed by washing) are not appropriate.

Native gel electrophoresis is one technique that is commonly employed for the
characterization of ultrasmall nanoparticles in serum# 9. 57 |t is based on the principle
that unbound nanoparticles may be partly separated from interacting ones as a result

of differences in their electrophoretic mobility in the gel. However, there are important
limitations to be taken into consideration. One shortcoming is that samples are not strictly
maintained /n situ during the electrophoresis run due to the separation of bands. On the other
hand, the gel matrix can enhance the stability of complexes compared to when they are free
in solution via the sequestration and cage effects>8-59.

We first used gel electrophoresis to characterize ultrasmall AUMBA in FBS, noting that
AuMBA was employed here as a control AuUNP and model for “strong” interactions.
Specifically, we have previously measured apparent binding affinities in the mid-nM range
(Kp ~ 30-200 nM) for AUMBA binding to the model proteins a-chymotrypsin, CrataBL
and a-thrombin19-20. 60 \yhereas kinetic measurements of AuUMBA-protein complex
dissociation revealed residence times in the range from ~ 0.1 to 20 s1°-20, AuUMBA was
incubated in undiluted FBS for 1 h under mild agitation prior to loading into a 15%
polyacrylamide gel matrix. For comparison purposes, AUMBA was also incubated in 40
mg/mL BSA, which corresponds to the BSA concentration found in serum. A significant
band shift for AuUMBA was observed in both FBS and BSA relative to a PBS control (Fig.
3a).

The migration of unfunctionalized AuGSH,,: through the gel was investigated under
identical experimental conditions to AUMBA (Fig. 3b). Aside from a very faint smear for
AuGSH,,,; in FBS, no other signs of interactions were observed, in agreement with the
strong resistance of AUGSH,,,; against protein binding28.

Next, we used gel electrophoresis to characterize the behavior of strep-tagged AUGSH,,, in
the different media (Fig. 3c and 3d). We first notice that running these functional AuNPs

in PBS resulted in smeared bands in the gel, especially for AuGSH,,,;@10st, which was
expected given that AuGSH,,:@10st is a heterogeneous nanoparticle preparation containing
a statistical distribution of Strep-tags. It can be also seen that AUGSH,,,:@10st migrated
slower than the other AuNPs as a result of its larger average size. Nevertheless, it was
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still possible to observe clear differences in AUNP mobility in the gel as a result of
interactions with serum. For example, interactions of AuGSH,,,;@1st with FBS led to
noticeable changes in particle mobility in the form of a smear (Fig. 3c). The observed
smearing, but lack of any clear band shift for the AuGSH,,,:@1st particles, suggests that
they undergo somewhat stronger interactions with proteins than pristine AUGSH, but still
much weaker interactions when compared to the AUMBA control. Thus, addition of a single
Strep-tag peptide onto the surface of AUGSH,,,: confers a new chemical identity to the
AUNPs leading to increased interactions with serum proteins. Interestingly, AUGSH,:@1st
mobility in the gel was not affected by incubating in BSA (Fig. 3c), implying that there
must be specific proteins or classes of proteins in FBS to which AuGSH,,,:@1st binds more
readily. The stronger interactions of AUGSH,,,;@1st in FBS relative to BSA might be partly
explained by nonspecific Strep-tag binding to FBS proteins. Evidence for this came from the
analysis by microscale thermophoresis of free Strep-tag binding to free fluorescently-labeled
Streptactin, which showed weakened binding in FBS but not in BSA (Fig. 5; vide infra).

Analysis of the multiply functionalized AuGSH,+@10st particles by gel electrophoresis
suggested that they interact more strongly to serum proteins than AuGSH,,,:@1st. One
evidence for this came from the increased smearing observed for AUGSH,,;@10st in

BSA relative to AuGSH,,:@1st (Fig. 3c and 3d; see also Suppl. Fig. S3). Second,
AuGSH,,,:@10st in FBS was found to accumulate at the interface between the stacking
and running gels (Fig. 3d, arrow mark; the same can be seen for AUMBA, Fig. 3a).

This later observation can be understood on the basis that large serum proteins cannot
penetrate through the narrower pores of the running matrix, thus remaining trapped at high
concentrations in the stacking gel and leading to increased levels of nonspecific interactions
with AuGSH,,,@10st and AuUMBA.

We next compared the behavior of AUMBA and the strep-tagged AuGSH,, particles in

FBS using a 7.5% running gel, noting that serum proteins can migrate more easily in this
lower-density gel because of its larger pore size. Characterization of strep-tagged AUGSH
in FBS showed no particle accumulation in the stacking gel and almost no visible smearing
in the running gel, whereas for AUMBA there was significant smearing alongside the
disappearance of the corresponding band for free AUMBA (Suppl. Fig. S2). This result is
consistent with the notion that strep-tagged AuGSH,,,+ migrates through the 7.5% gel mostly
as free particles disassociated from proteins, whereas AUMBA migrates strongly complexed
to proteins of different sizes.

We also evaluated the influence of a longer pre-incubation time of the AuNPs in the different
media on their electrophoretic mobility in the gel (Suppl. Fig. S3). Samples were incubated
in BSA or FBS for 24 h under mild agitation and loaded into a 15% polyacrylamide gel.

The results did not reveal obvious changes to AUNP mobility after 24 h, suggesting no
significant “hardening” of the initially weak interactions with time, as often observed with
nanoparticles of larger size®6. However, it should be noted that gel electrophoresis may not
be sensitive enough to capture subtler changes to the antifouling properties of the AuNPs as
a function of time.
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We finally employed AUC as an independent and more sensitive tool to investigate the
interactions of the ultrasmall AuNPs with proteins /n situ (Fig. 4)26 61-62_ AuMBA was
used again as a model nanoparticle system undergoing “strong” interactions with proteins,
and BSA was used as a model protein. As expected, only AUMBA-BSA interactions

led to a significant shift of the sedimentation coefficient distributions to lower s-values

(Fig. 4a). Nevertheless, the results revealed the occurrence of weak interactions of BSA
with both pristine and strep-tagged AuGSH,,,+, as judged from the altered sedimentation
coefficient distribution profiles of the particles (Fig. 4b, ¢ and d). We recall that gel
electrophoresis did not clearly reveal the occurrence of such weak interactions of AUGSH
and AuGSH,,,:@1st with BSA. One interesting observation for AUGSH,,,:@1st is the
presence of three major peaks in the sedimentation coefficient distributions (Fig. 4c),

which became apparent when the data was probed in more detail with a lower level

of regularization. This highlights the heterogeneity of the sample, possibly representing
AUGSH,,,:@1st particles of different size subgroups. In more detail, it can be seen that the
major population of AUGSH,,:@1st particles sedimenting at ~ 21 S was not visibly affected
by the presence of BSA, hence suggesting the occurrence of ultraweak interactions of this
subgroup beyond detectability.

It can be further discerned that the sedimentation rate of AuGSH,,,;@10st appeared shifted
to higher s-values upon BSA binding (Fig. 4d), whereas that of AUGSH, appeared shifted
to lower s-values (Fig. 4b). This can be understood on the basis of theoretical calculations,
which showed that for a 2 nm-sized AuNP the dependence of sedimentation rate on protein
loading displays a non-monotonic behavior, with a decrease of s-value at low protein
fractions at first driven by increased hydrodynamic friction of the complex, followed by an
increase of s-value at higher protein fractions driven by added protein mass (Suppl. Fig S4).
Thus, for AUGSH,,@10st, the added peptide mass relative to AUGSH, shifts the s-value
from ~ 20 S to 15 S due to increased friction, whereas the additional mass accompanying
BSA binding shifts the distribution back to higher s-values.

Proper quantitation of ultrasmall AuNP-protein binding solely based on sedimentation
coefficients may be difficult due to the effects note above. Nonetheless, we can make a
back-of-the-envelope estimate of the AUNP-BSA affinity based on a combined analysis of
the AUC and electrophoresis results. Since BSA is in molar excess, mass action law predicts
that the ratio of free to bound nanoparticles equals Kp relative to the BSA concentration (0.3
mM). The AUC data suggests that a significant fraction, but far from all AuNPs is liganded
by BSA, which places the Kp on the mM order of magnitude.

Characterization of targeted nanoparticle-receptor interactions in biological media

Strep-tag 11 is widely used as an affinity tag for the purification of recombinantly expressed
proteins®3. It binds the protein Streptactin with an apparent AKp of ~ 1 uM (according to the
manufacturer). Detailed knowledge about the environmental factors modulating free peptide-
receptor association is required to assist the analysis of more complex situations, such as
with immobilized peptides on a nanoparticle surface. Therefore, we first characterized free
Strep-tag binding to free fluorescently-labeled Streptactin by microscale thermophoresis, a
technique enabling the characterization of biomolecular interactions in complex media®3-64,
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Thermophoresis binding curves obtained for Strep-tag titrated against Streptactin are shown
in Fig. 5. Plotting the data on a semi-log scale revealed a characteristic S shape, thus
allowing for easy inspection of the relative differences in binding affinity. The interactions
measured in both PBS and BSA with 1 h pre-incubation revealed an observed apparent

Kp of ~ 0.5 uM (Fig. 5a and 5b, red trace). On the other hand, a much weaker apparent
binding affinity was measured in 50% FBS as judged from the significant shift of the
S-shaped curve to the right (Fig. 5¢, magenta trace), this being partly the result of Strep-tag
cleavage by the action of serum proteases. Extending the pre-incubation time to 24 h did
not produce significant changes to the interactions measured in BSA (Fig. 5b, blue trace),
whereas it caused complete lack of binding in 50% FBS (Fig. 5c, orange trace). Degradation
of Strep-tag in serum could be prevented by co-incubation of the samples with a cocktail

of protease inhibitors, in which case the binding curves appeared superimposed on each
other regardless of the pre-incubation time in FBS (Fig. 5d). Thus, all subsequent binding
experiments in FBS were carried out in the presence of protease inhibitors to minimize the
enzymatic degradation of Strep-tag. Of note, the observed apparent Kp determined in FBS
supplemented with protease inhibitors was estimated as ~ 4 pM (Fig. 5d), hence suggesting
that serum proteins other than albumin may interfere with Strep-tag binding to Streptactin.

It is well-known that receptor-binding peptides may lose their targeting capability when
immobilized onto the surface of nanoparticles®>-%6. This may occur due to a number of
reasons, including detachment from the surface, steric self-hindrance effects, steric shielding
from adsorbed serum proteins, among others. Previously, we showed that ultrasmall
AuGSH,,; particles functionalized with Strep-tag could bind the target receptor Streptactin
in FBS28. We now extend upon this previous work to characterize these interactions in more
detail. For this, we ran a series of affinity pull-down experiments whereby we monitored the
binding of Strep-tagged AuGSH,, to Streptactin-coated sepharose beads. The assays were
implemented in different biological media of increasing complexity including PBS, DMEM
medium, 40 mg/mL BSA, and undiluted FBS. Fig. 6a illustrates the pull-down assay in a
schematic fashion.

First, control experiments using pristine AuGSH,,: confirmed complete lack of binding

to the Streptactin-coated beads (not shown). We next verified that AUGSH,,;@1st and
AUGSH,,,;@10st bound completely to the beads in PBS (Fig. 6b and 6c). In particular,

the efficient binding of AuGSH,,,:@10st implies that the surface-attached Strep-tags do not
experience significant steric self-hindrance effects8”, which otherwise could have occurred
if the Strep-tag surface density was exceedingly high. Efficient nanoparticle binding to the
beads was also observed in DMEM medium, hence suggesting no Strep-tag detachment
from the surface as a result of ligand exchange from the endogenous cysteine in DMEM.
The strep-tagged AuNPs also bound to the beads in the presence of BSA, implying no major
steric shielding as a result of interactions with BSA.

We finally characterized the interactions in FBS. We found that both AuGSH,:@1st and
AUuGSH,,,:@10st bound efficiently to the beads following a 1 h pre-incubation time in
undiluted FBS (Fig. 6b and 6c¢). However, incomplete binding occurred following a longer
incubation time of 24 h in the case of AUGSH,,:@10st. The diminished binding observed
at 24 h is not the result of peptide cleavage by serum proteases, as the pre-incubations
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were done in the presence of protease inhibitors. In addition, AUGSH,,:@1st would be
expected to show less binding to the beads than AuGSH,,,;@10st as a result of peptide
degradation, but which was not observed. In fact, the opposite trend seemed to occur,

that is, AuGSH,,,:@1st containing a single Strep-tag bound more efficiently to the beads
than AuGSH,,,;@10st. These results suggest increased levels of nonspecific serum protein
binding to the AUGSH,,+@10st particles over time, which would then partly screen their
interactions to Streptactin.

Influence of nonspecific protein interactions on specific nanoparticle-receptor
complexation

The formation of a stable protein adsorption layer (hard protein corona) onto certain
large-sized nanoparticles (NPs) can irreversibly mask the NP surface and inhibit specific
ligand-receptor interactions®: 68-70_ Remarkably, even biotinylated NPs can fail to bind
streptavidin in serum despite the ultrahigh affinity of the biotin-streptavidin interaction
pair’0,

On the other hand, accumulating evidence suggests that the interactions of proteins with
ultrasmall AuNPs are inherently reversible4 19-20_ This reversibility enables us to consider
the following set of biochemical equilibria representing the competition between nonspecific
NP-serum protein interactions and specific NP-receptor complexation:

R+ NP=R-NP KpR
P+ NP=P-NP Kp, p1
P+P-NP=P)-NP Kp p2
P+ Py-NP=P3- NP Kp p3
P+P3-NP=P4y-NP Kp p4q

Where R stands for receptor and P for nonspecific protein binding site, noting that

the concentration of nonspecific binding sites ([P]) may be greater than the nominal
concentration of proteins in serum (as a reference, the plasma concentration of albumin
alone is around 0.5 mM"1); Kp p1 through Kp p4 are the apparent macroscopic equilibrium
dissociation constants for NP-serum protein interactions; Kp g is the equilibrium
dissociation constant for NP-receptor complexation. It has been further assumed that: the
receptor is monomeric; the NPs are functionalized with a single targeting ligand; the
maximum binding capacity of the NPs is 4 serum proteins per particle; NPs bound to any
number of serum proteins do not interact with receptors.

Given the above model, we used simulations to calculate the fractional receptor occupancy
as a function of the reduced variable [P]/Kp p (Suppl. Fig. S5a). Assuming Kp r = 10 nM,
[R]=0.1 pM and [NP] = 10 uM, the calculations revealed that ~ 85% of receptors would be
bound with NPs for a [P]/Kp p ratio of 3. In comparison, receptor occupancy would be only
5% for the same [P]/Kp p ratio of 3 in the case of a 100-fold weaker NP-receptor binding
affinity of Kp g = 1 UM. This illustrates that weak transient NP-serum protein interactions
can interfere with targeted NP-receptor complexation depending on the relative values of
binding affinities and concentrations. Of note, the simple calculation presented here is only
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valid for a closed system under thermodynamic equilibrium. However, in the context of the
open /n vivo environment, where the total concentration of ultrasmall AuNPs in circulation
decreases with time as a result of renal clearance, receptor occupancy is predicted to be
maximized for a narrow range of Kp p values (see ref.”2 for details).

Finally, the results of the affinity pull-down experiments for AUGSH,,;@1st can be
interpreted semi-quantitatively in the framework of the proposed model. Additional
simulations showed that the ratio [P]/Kp p should be < 0.5 to give an efficiency over 90%
for the binding of AUGSH,,,;@1st to Streptactin (Fig. 6b and Suppl. Fig. S5b); where it has
been assumed that Kp r ~ 1 UM, [R] ~ 50 pM (the approximate concentration of Streptactin
contained in the beads solution), and [NP] = 1 puM. Thus, assuming a total concentration of
nonspecific protein binding sites of ~ 1 mM would yield a corresponding Kp p > 2 mM.
The large magnitude of the estimated Kp p is certainly consistent with the results from gel
electrophoresis and AUC as discussed above.

CONCLUSIONS

We recently reported the preparation of novel ultrasmall AuNPs coated with zwitterionic
glutathione monoethyl ester?8. The resulting AuGSH., particles were highly resistant
against aggregation and nonspecific protein interactions, and they could be conferred

with desired molecular-recognition properties through the incorporation of Strep-tag as a
model functional peptide. Peptide incorporation could be readily achieved in simple ligand
exchange reactions, therefore providing a generic approach for AUGSH,,: functionalization.

Herein, we performed a series of new biointeraction studies to gain further insights into
the behavior of functionalized AUGSH,,: in complex media, using again the model Strep-
tag peptide as an integrated functional group. We established that AuGSH,,,; could be
conjugated with increasing numbers of Strep-tags (from 1 to an average of ~ 10 peptides
per AuNP) by simply controlling the reaction conditions. Both pristine and functionalized
AUuGSH,,,+ were highly (albeit not entirely) resistant to nonspecific protein interactions,
with small differences in behavior noted among the different nanoparticles prepared:
namely, unfunctionalized AuGSH,,: was mostly resistant to protein interactions, followed
by AuGSH,,,;@1st and AuGSH,,,+@10st, respectively. Nevertheless, as a consequence of
the weak and transient nature of AuGSH_,: nonspecific interactions with serum proteins,
the strep-tagged particles retained their targeting capability in biological fluid, displaying
efficient binding to Streptactin-coated sepharose beads even when immersed in nearly
undiluted serum and despite the relatively weak binding affinity (~ 1 uM) of Strep-tag

to Streptactin.

At closer look, our data further revealed that AUGSH,,+@10st bound less efficiently to

the Streptactin-coated beads than AUGSH,,+@1st following a 24 h incubation in FBS.

This result was consistent with the apparently lower resistance of AUGSH,,,:@10st against
serum protein interactions as noted above. In addition, despite their multivalency, the
AUGSH,,,;@10st particles were likely too small to show avidity effects via interactions
with multiple receptors on the surface of beads. The combined result was that saturating the
surface of ultrasmall AuGSH,,,; with Strep-tags was counterproductive. Similar conclusions
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might hold for other ultrasmall nanoparticle platforms and functional groups, with important
implications for the design and use of active-targeting ultrasmall AuNPs in biomedicine.

Overall, ultrasmall AuGSH,,; constitutes an attractive platform for applications /in vivo,
wherein the particles’ strong “stealth” characteristics can be combined with desired
molecular-recognition properties via the incorporation of functional peptides. Nevertheless,
there is still much to be learned about the biointeractions of AUGSH,, and other targeted
ultrasmall AuNPs in complex media. For example, we need to understand in greater detail
the issue of soft protein interactions with ultrasmall AuNPs, particularly at a quantitative
level, and how this may influence nanoparticle performance /in vivo.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Nanoparticle characterization. (a) Structure of glutathione monoethyl ester (GSHy1).
GSH,t is a zwitterionic derivative of glutathione having an ethylated C-terminus. (b) AuNP
characterization by dark-field scanning-transmission electron microscopy. Nanoparticles are
approximately 2 nm in core diameter. Scale bar, 20 nm. (¢c) AuNP characterization by
UV-visible spectroscopy. (d) AuNP characterization by analytical ultracentrifugation (colors
as in (c)).
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Figure2.

Functionalization of ultrasmall AuUGSH,,,; with Strep-tag. (2) Number of Strep-tag or Strep-
tag(FITC) ligands attached per AUGSH,, as a function of the peptide: AUMBA feed ratio
(from 5:1 to 200:1). A maximum of ~ 10 Strep-tags are incorporated per AuNP at the
highest feed ratio of 200:1. Quantification was performed by fluorescence spectroscopy
using the emission signal from tryptophan or FITC. (b) Percentage of AUGSH, particles
bound to Streptactin-coated beads as a function of the peptide:AUMBA feed ratio. The use
of sufficiently low feed ratios (1:5 or 1:10) results in bound fractions smaller than 10%
(dashed line), which implies monofunctionalization of the particles®3.
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Figure 3.
Native polyacrylamide gel electrophoresis characterization of ultrasmall AuNPs in

biological media. Data were obtained for (a) AUMBA, (b) AUGSHyt, (€) AUGSH,,;@1st
and (d) AuGSH,,:@10st in PBS, 40 mg/mL BSA and fetal bovine serum (FBS). The
AUNPs were pre-incubated in the different media for 1 h prior to loading into the gel. The
percentage of acrylamide in the running and stacking gels were 15 and 5%, respectively.
Arrows mark the interface between the stacking and running gels where AUMBA and
AUGSH,,,;@10st accumulate.
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Analytical ultracentrifugation analysis of ultrasmall AuNPs dispersed in concentrated BSA
solutions. Sedimentation coefficient distributions for (a) AUMBA, (b) AUGSH 4, (€)
AUGSH,,,;@1st and (d) AuGSH,,:@10st measured in PBS (black traces) and 20 mg/mL
BSA (red traces). A confidence level of 68% was used for (a), (b) and (d), while 55% was
used for (c).
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Thermophoresis binding curves obtained for free Strep-tag titrated against free
fluorescently-labeled Streptactin. Data obtained in (a) PBS, (b) 20 mg/mL BSA, (c) 50%
FBS and (d) 50% FBS supplemented with a cocktail of protease inhibitors. Strep-tag was
pre-incubated in the different media for either 1 h (squares) or 24 h (circles). Dashed lines
mark the approximate values of apparent binding affinity.
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Figure 6.

Affinity pull-down experiment probing the binding of strep-tagged AUGSH to
Streptactin-coated sepharose beads. (a) Schematic illustration of the pull-down assay
(drawing not to scale). Strep-tagged AuGSH,,; particles are dispersed in different biological
media (including PBS, DMEM medium, 40 mg/mL BSA and undiluted FBS) and left to
incubate for 24 h; a shorter incubation time of 1 h in FBS is also performed for comparison.
Next, Streptactin-coated beads are introduced into solution and left to incubate for an extra
30 min under mild agitation. After settling of the beads, the presence of AuNPs in the
supernatant is verified by recording absorbance values at 500 nm. Preferential binding of
strep-tagged AuNPs to Streptactin over the serum proteins leaves a clear supernatant phase
(low absorbance readings at 500 nm) in the pull-down assay. (b,c) Analysis of pull-down
experiments probing (b) AuGSH,,,;@1st and (c) AuGSH,,,;@10st binding to Streptactin-
coated beads. Columns labeled ‘no beads’ give absorbance readings of strep-tagged AuNPs
in PBS solution in the absence of beads.
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