
Biomimetic monolayer-protected gold nanoparticles for
immunorecognition

Kellen M. Harkness, Brian N. Turnera, Amanda C. Agrawal, Yibin Zhangb, John A. McLean,
and David E. Cliffel*
Department of Chemistry, Vanderbilt Institute of Chemical Biology, Vanderbilt Institute for
Integrative Biosystems Research and Education, Vanderbilt University, 7330 Stevenson Center,
Station B 351822, Nashville, TN USA 37235

Abstract
Gold nanoparticles (AuNPs) protected by self-assembled monolayers (SAMs) are capable of
presenting precisely engineered surfaces at the nanoscale, allowing the mimicry of
biomacromolecules on an artificial platform. Here we review the generation, characterization, and
applications of monolayer-protected AuNPs that have been designed for immunorecognition by
the integration of an oligopeptide epitope into the protecting monolayer. The resulting peptide-
AuNP conjugate is an effective platform for biomimesis, as demonstrated by multiple studies.
Recent work is presented and future directions for this field of research are discussed.

1. Introduction
Because of the intrinsically optimized nature of biochemical systems, the natural order is an
excellent starting point for the development of diagnostic and therapeutic tools at the
molecular level. Classes of molecules which are uniquely capable of performing robust,
highly specific chemistry have come to comprise the basis of biological systems. The
virtually infinite range of biomolecular chemistry is derived from the diversity and
multifunctionality of these molecules. Through evolutionary optimization, chemistry in vivo
has become highly efficient and versatile. However, attempts to transpose biochemistry to
experiments in vitro generally result in dysfunction. The advantages of native biochemistry
are largely inaccessible because of a limited ability to properly harness it.

Mimicking these optimized systems through scientific research and development has yielded
a number of technological advances for sensing,1 tissue engineering,2 catalysis,3 and
methods for fabricating and processing two- and three-dimensional materials.4–7 The
development of artificial molecules which imitate biomolecules offers the opportunity to
couple the advantages of naturally- and artificially-developed chemical methods. This
molecular biomimicry is an efficient route to the creation of effective tools for the
manipulation of biochemistry in or ex vivo.

To generate biomimetic tools, natural components are often modified or conjugated to
artificial components to induce a desired response. Common strategies utilise an artificial
scaffold1,4,6 on which biomolecules or fragments can be conjugated to grant specificity and/
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or functionality. In the same way that native biochemistry generally utilizes molecular
classes with structural diversity and functional precision, biomimetic strategies must also be
both highly versatile and highly precise. Each biomimetic tool must be precisely tailored to
achieve a specific aim. The scaffold should provide a surface which can easily engineered
for use in any desired application, allowing for conjugated elements to provide robust
specificity.

Gold nanoparticles (AuNPs) fill the role of a scaffold in the creation of biomimetic
materials. They possess the well-known bioinert properties of gold,8 occupy a size regime
ranging from that of small to large biomacromolecules,9,10 and can be conjugated to nearly
any organic compound or mixture of compounds that contain a free thiol,11,12 amine,13 or
phosphine.14 Our focus has been on the monolayer-protected AuNP, defined as a nanoscale
gold core surrounded by a dense self-assembled monolayer (SAM) of gold-thiolate
complexes.15,16 These AuNPs are effectively core-shell nanomaterials, in which the organic
shell is responsible for biomimetic interactions. The gold-thiolate monolayer confers
additional stability on the AuNP, protecting it sterically and electronically from
decomposition, aggregation, and other irreversible reactions.11

AuNPs have been synthesized with a variety of protecting thiolate ligands.11,12,17 The
termini of the conjugated ligands extend from the metal core, giving the AuNP the desired
solubility and determining other physiochemical interactions with the media. The use of a
polar, hydrophilic organic ligand shell yields water-soluble AuNPs in a basic form.17,18 The
shell can be made more complex by adding other thiolate ligands during19,20 or after21 the
reductive formation of the AuNPs, or by modifying the ligands through chemical
reactions.12 This allows for the selective addition of desired properties and chemical
functionalities to the AuNP. By precisely engineering the organic shell22,23 the shell can be
tuned for selective binding or to avoid binding altogether.24–26

The size of the AuNP core affects interactions between the organic shell and its
environment. The size of the AuNP can be made similar in scale to various biological
macromolecules such as enzymes, receptors, immunoglobulins, antigens, DNA, and
carbohydrates. Choosing an optimal size can create greater specificity toward biomolecules
with given secondary structural features.27 The size of the core also determines the
projection of the monolayer into its surrounding environment. Smaller monolayer-protected
AuNPs (approx. <2 nm core diameter) with higher surface curvature are less protected
sterically than larger analogues. The greater exposure of the individual protecting ligands
and the core-shell interface leads to increased reactivity compared to larger AuNPs.21,28,29

As the size of the AuNP increases, the surface curvature decreases. More dense ligand shells
cause ligand termini to be more responsible for chemical interactions.23

Because of these properties monolayer-protected AuNPs are an ideal biomimetic tool. The
use of monolayer-protected AuNPs for biomimicry originated with the concept of
integrating biologically active molecules, such as small molecule drugs,30 enzyme
cofactors,18 DNA,31,32 saccharides,33 and peptides12,34,35 into the monolayer. The latter has
been dominant in biomimetic applications because of the importance of protein interactions
in biological systems and the ease of integrating cysteine-bearing synthetic peptides into the
monolayer. The following is a review of our research into the development of biomimetic
monolayer-protected AuNPs for immunorecognition. Results of some recent work are also
presented, and areas for future exploration will be discussed.

2. Synthesis, modification and characterization
As in the field of drug discovery, large numbers of biomimetic variants can be examined to
find suitable candidates for specific applications. Considering the number of variants which
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must be synthesized, modified, and characterized, the use of a scaffold which can be quickly
brought to a final product is essential. Monolayer-protected AuNPs are such a scaffold,
being generated from a remarkably facile synthesis using commercially available materials,
followed by simple purification methods and characterization.

Syntheses of water-soluble monolayer-protected AuNPs are generally adapted from early
work by Murray and coworkers.18,36 An alcohol solvent is used to dissolve chloroaurate
(AuCl4−) and a thiol ligand, or a mixture of ligands. The mixture is then reduced by sodium
borohydride and allowed to stir or sit for several hours. The size of the AuNPs can be
controlled by the manipulation of several variables in the synthetic scheme. Specifically, the
diameter of AuNPs correlates with the AuCl4−-to-ligand ratio, reaction temperature, and the
reductant-to-AuCl4− ratio.37

The AuNP product can be purified by precipitation, centrifugation, solvent washes,
electrophoresis, and/or dialysis. The core and shell of the AuNPs can then be modified. The
core size can be decreased by adding large quantities of free thiol to the AuNPs,38 or
increased by the use of other additives.39 The shell can be modified by simple organic
reactions.12 An easier and more common modification route is the addition of free thiol-
bearing molecules to promote ligand exchange.21 Integrating biomolecules into the
monolayer is facilitated by functionalization with cysteine or another thiol. In some cases an
inert spacer, such as a short peptide fragment, oligoethylene glycol, or alkyl chain, is added
to allow epitope presentation without interference from the rest of the organic shell.

A number of analytical tools are used to characterize AuNPs. Transmission electron
microscopy (TEM) is used to measure the core size and monodispersity.11 Nuclear magnetic
resonance (NMR) spectroscopy allows characterization of organic shell composition.40 UV-
Vis spectroscopy facilitates core size approximation through the observation of a localized
surface plasmon band (λ ≈ 520 nm) indicative of larger AuNPs.41,42 Thermogravimetric
analysis (TGA) determines the mass fraction of metal and organic components in the AuNP
sample.37 Elemental analysis provides precise stoichiometric information.

Mass spectrometry (MS) is a more recently popularized tool for characterizing AuNPs,
being capable of characterizing the composition of the organic shell as well as core size in
some cases.43 Mass spectrometry has been used to characterize the abundance of thiolate
ligands in the organic shell, including cysteine-terminated peptides.43–48 More recently, gas-
phase structural separation by ion mobility-mass spectrometry (IM-MS) has been used to
distinguish ligands in the organic shell from free impurities.49 The gas-phase separation
allows the determination of ligand shell compositions for mixtures too complex to
characterize by NMR.50 Furthermore, IM-MS has been demonstrated to reveal the presence
of nanoscale phase segregation within the organic shell.51 This capability is particularly
useful for future applications of AuNPs with anisotropic organic shells.

Once the AuNP biomimic is assembled, characterization of AuNP-biomolecule binding
interactions is performed. Traditional methods for observing antibody interactions, such as
enzyme-linked immunosorbent assay, (ELISA)52 or surface plasmon resonance (SPR)53 can
be applied. The unique properties of monolayer-protected AuNPs, such as strong absorbance
and scattering of visible and higher-energy electromagnetic radiation, can be helpful in this
characterization. Another unique property of these nanomaterials is their massiveness:
because the major component of monolayer-protected AuNP is gold, it is much more
massive than any organic macromolecule of equivalent size. The massive nature of AuNPs
enables the use of miniaturized gravimetric detection methods to sensitively detect relatively
small amounts of binding.
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The quartz crystal microbalance (QCM) consists of a piezoelectric quartz resonator with
metal electrodes that is attached to an oscillator circuit. QCM has become a useful analytical
technique because of the linear relationship between mass deposited on the crystal and its
resonant frequency.54 Oscillator circuits that permit liquid measurements have made the
technique useful in the area of bioanalytical chemistry.55,56 Because of its desirable
mechanical, electrical, chemical, and thermal properties, the ideal oscillator for this
technology is quartz.55 Specifically, AT-cut quartz crystals have a temperature coefficient
that is nearly zero between 0 and 50 °C, making them ideal for QCM measurements at
ambient temperatures without sophisticated temperature control.57 This technique is rapid,
sensitive, label-free, and relatively low-cost compared to SPR and other alternative
techniques. The QCM has been adapted to detect and monitor protein binding,55

diseases58–64 and biomimetic AuNPs.34,35,65,66

Utilizing these strategies for synthesizing, characterizing, and testing, monolayer-protected
AuNPs have been generated and optimized as scaffolds for biomimetic organic shells. The
work described in the following sections is divided into experiments conducted in vitro and
in vivo, respectively.

3. Biomimicry of native antigens on AuNPs in vitro
Our primary focus has been in the generation of biomimetic AuNPs to serve as simulants for
viruses of clinical interest. The use of biological materials in research and development
carries an intrinsic risk to both the manufacturer and the consumer. This risk can only be
mitigated through stringent safety and security protocols that are maintained at high cost.
Biomimetic simulants obviate the use of dangerous biological material, allowing study
without the need for stringent safety and security protocols. The simulants could be used in
assay development, diagnostics, or the prevention and treatment of disease.

To illustrate the biomimetic capabilities of monolayer-protected AuNPs, we first utilized a
glutathione (GSH)-protected AuNP.65 While glutathione is not a traditional antigen, it was
intended to serve as a proof of concept that small AuNPs (<3 nm diameter) can be effective
scaffolds for projecting antigens that can be recognized and bound by an antibody. A
polyclonal anti-GSH antibody was bound to a QCM chip, and the antibody was exposed to
GSH AuNPs (Figure 1). Antibody-AuNP binding was observed. The specificity of the
binding between the antibody and biomimetic antigen was established by a tiopronin-
protected AuNP control. Considering the similarity between the two organic molecules
(Figure 1), this specificity is remarkable.65

Improvement over 2D surface (hemagglutinin)
Having established the capability of biomimetic monolayer-protected AuNPs to achieve
immunorecognition, the next generation of biomimetic AuNPs was designed. A cysteine-
appended 10-amino acid peptide epitope from the hemagglutinin (HA) protein of influenza
was integrated into the organic shell.34 The selected peptide sequence has been well-
characterized, is present in a neutralizing site for influenza, and has a commercially-
available complementary monoclonal antibody (mAb). Having integrated the HA epitope
into the shell of a tiopronin-protected AuNP, specific binding to the mAb was observed. The
efficacy of the epitope-conjugated AuNP as a biomimetic scaffold was compared to that of
an identical epitope bound to a planar gold surface.34 The three-dimensional AuNP yielded a
higher ratio of antibody:peptide binding than the two-dimensional planar gold surface. This
suggested that a curved three-dimensional surface was more efficient in mimicking the
native antigen.
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An important consideration for the mimicry of biomolecules using three-dimensional
monolayers is the conformation of the conjugated biomolecule. In order to truly mimic a
biomolecule, higher-order structure must be preserved. It is assumed that the optimal
conformation of an AuNP-bound peptide epitope will be highly similar to that of the epitope
in the native antigen. In this context, the ability to utilize bidentate or multidentate
attachment schemes is an additional benefit of the monolayer-protected AuNP. Previous
studies have suggested that bidentate ligands, each end being in a dynamic equilibrium with
the solution phase, will eventually migrate into positions corresponding to the minimal point
of the conformational potential energy surface for the epitope.51,67,68 This phenomenon,
which could take place through lateral translation of thiol termini or through a series of
dissociative and associative steps, should eventually allow for large, multidentate structures
to adopt a structure which should be similar to a native structure.

In addition to the ability to constrain bidentate ligands into biologically relevant secondary
structures, the availability of numerous binding sites on AuNP surfaces allows for the
integration of multiple epitopes or other biologically active ligands into a single scaffold.
Continuing the earlier studies of the HA system, tiopronin-protected AuNPs were combined
with a FLAG epitope, HA epitope, both epitopes, or neither epitope.64 The peptide epitopes
were integrated into the organic shell via a cysteine-terminated hexaethylene glycol linker
intended to provide enhanced accessibility to the epitope. QCM using either anti-FLAG or
anti-HA IgG-functionalized sensor surfaces were used to evaluate the immunological
activity of the mimics synthesized. Each functionalized AuNP was detected by the
appropriate antibody, but unmodified tiopronin-protected AuNPs were not recognized.

Bacillus anthracis (protective antigen)
In order to probe the relevance of higher-order structure on biomimicry in a more clinically
relevant system, Gerdon and coworkers studied the protective antigen (PA) of B. anthracis,
one of three proteins of the anthrax toxin.35 PA was selected because it precedes the other
two proteins (edema factor and lethal factor) in their transport for infection, making it an
ideal sub-unit target for neutralizing antibodies in commercial vaccines. Three portions of
PA were chosen for examination: the C-terminus and two internal loops of the PA protein
which were identified as cell receptors. As in the previous study, tiopronin-protected AuNPs
were used as a starting material, into which one of the three PA-derived epitopes was
integrated. The two internal loops studied were appended with cysteine residues at one or
both of their respective N- and C-termini. Peptides with cysteine appended to both termini
were expected to attach in a bidentate fashion to a single AuNP, thus preserving the
secondary and tertiary structure of the native epitope with the greatest accuracy (Figure 1).
Only one cysteine residue was attached to the peptide derived from the C-terminus region of
PA, in order to mimic the native terminus.

The biomimetic AuNPs were tested against a commercially-available monoclonal antibody
using a QCM platform.35 The loop-mimicking bidentate peptide had a higher affinity (Ka)
for the antibody when compared to the linear epitope, especially at physiological pH and
ionic strength, confirming that the loop-presenting nanoparticle was more readily recognized
by the antibody. Preferential recognition of the loop epitope suggests that the loop better
mimicked the native epitope, making critical binding residues more available to the
antibody.

Human respiratory syncytial virus (fusion protein)
In the construction an antigenic mimic, it is useful to understand the specific intermolecular
forces that are responsible for antibody-antigen binding. Specifically, the goal is to identify
the amino acid side chains that are involved in binding and their spatial organization. Given
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this information, a biomimic can be designed to copy the important parameters without the
need to use complicated techniques, expensive and fragile biological systems, or exotic
reagents.

An optimal approach to obtaining this information is the use of epitope mapping, in which
the affinity of antigens or fragments thereof are tested against a complementary antibody.
This yields information about the precise elements of the antigen that are important for
interactions with the antibody. Linear epitope mapping refers to techniques which solely
interrogate primary structure, while conformational epitope mapping considers the effects of
secondary and tertiary structure as well. This approach has been employed previously for the
creation of biomimetic AuNPs. Rutledge and co-workers investigated binding “hot spots” in
a proposed long C-terminal epitope sequence of Ebola glycoprotein, finding local maxima in
an ELISA assay against the mAb 15H10 that appeared to be centred about two separate
sequences of three amino acids.66

The success of this approach led us to apply a similar methodology to the human respiratory
syncytial virus (HRSV), another clinically relevant disease. We selected the fusion (F)
glycoprotein, a common target for monoclonal antibodies, for mimicry. For antibody
detection of the mimic we selected Palivizumab (PZ, also known by the trade name
Synagis), a commercially available antibody with high affinity for the the HRSV F protein.
A linear epitope mapping experiment was then performed using ELISA to find a suitable
peptide sequence for binding to an AuNP. The sequence with the highest affinity
(NSELLSLINDMPITNDQKKLMSNN) was further probed in order to test the importance
of directionality and each of the fragments of the epitope (Table S1, Figure S1). It was found
that the amino acids closer to the N-terminus were more important for binding, and that
attaching the linker to the N-terminus resulted in much better binding than the equivalent
epitope attached at the C-terminus (Figure S2).

Based on this data, multiple antigen mimics composed of tiopronin-protected AuNPs with
various peptide epitopes, linkers, and terminal functionalities were then synthesized and
evaluated with the QCM immunosensor (Table S2). A QCM immunosensor strategy for
SARS-associated coronavirus62 was adapted to specifically and quantitatively detect HRSV
or an HRSV mimic. The platform, depicted in Figure S3, was composed of an Fc binding
cell (Protein G from Staphylococcus aureus), a blocking agent (bovine serum albumin,
BSA), and a monoclonal detection antibody. As a positive control, native HRSV was flowed
across the immunosensor. Strong binding was observed (Figure S4, S5).

AuNP antigen mimics and non-mimic negative controls were then tested with the
immunosensor. The negative controls and most of the nanoparticle mimics evaluated did not
interact with PZ. The two exceptions were designated mimic A and mimic B. It is notable
that both mimics used the same epitope that yielded the strongest signal in a peptide ELISA
assay (Figure S1). The primary sequence of this epitope contains the same sequence as
peptides studied by McLellan and coworkers.69,70

To further test the specificity of the binding, a second experiment was performed in which
PZ was left out entirely for the first part of the experiment (Figure 2). The mimic would be
brought into contact with a non-sensing QCM chip; any binding observed at this step would
be non-specific. The mimic would be removed, PZ added and the mimic brought into
contact for a second time. In this experiment, mimic A was found to be highly specific, but
mimic B was found to bind non-specifically to the non-sensing proteins on the gold surface
in the first part of the experiment. The strong and specific binding of mimic A to the QCM
HRSV immunosensor led to further study.
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The binding affinity of mimic A against PZ was evaluated in a concentration study with the
QCM (Table S3, Figures S7–S10), revealing a dissociation constant (Kd) of 292 ± 177 nM.
This is within the range expected for mAb-antigen interaction. The value of the Kd suggests
that the affinity of PZ for the mimic is between ~100 and ~300 fold weaker than PZ for the
native F protein (Kd = 1.4 nM).71 The binding is competitive with that of epitope scaffolds
constructed by McLellan and co-workers (Kd = 87 to 3950 nM) which incorporate the same
primary epitope sequence.70 The benefits of biomimetics are apparent in this context: our
approach utilizes straightforward laboratory techniques and automated peptide synthesis
equipment rather than recombinant genetic techniques and equipment, which are
considerably more costly and complex. This provides a significant advantage with respect to
the cost of time and materials, as well as the level of experience required of scientists
working with this system.

This high-affinity HRSV F protein mimic has been synthesized using straightforward and
cost-effective techniques that require relatively little expertise. Mimic A performs nearly as
well as the state of the art subunit mimic (Kd = 87 nM),70 but not as well as the native
protein antigen (Kd = 1.4 nM), for PZ binding.71 Given this performance, the mimic might
serve as a novel subunit vaccine, which is needed in the clinic during the RSV season. This
novel material could also be studied as a non-infectious calibration standard for a number of
HRSV immunosensors. The performance of this mimic can be improved by further tuning of
the AuNP scaffold, specifically by altering the size of the gold core, the primary ligands in
the monolayer, and the peptide loading in the monolayer.

4. In vivo: toxicity and biodistribution in murine models
Monolayer-protected AuNPs are clearly capable of mimicking antigens in vitro, thus the
next step is to test antigenic effectiveness and toxicity in vivo. As a control experiment, mice
were dosed with tiopronin-protected AuNPs equivalent to those used for in vitro studies
(Figure 3).72 It was found that dosages above ~23 mg/kg were sufficiently toxic to be fatal.
Drawing from research by Brust and co-workers73 and Feldheim and coworkers,74 we
integrated a short thioalkylated polymer, mercaptoundecyltetraethylene glycol (MUTEG)
into the monolayer in order to enhance biocompatibility. The mixed-ligand Tio:MUTEG
AuNPs yielded drastically reduced toxicity,72 indicating that the tiopronin ligand is
responsible for the toxicity. It was suggested that the carboxylate termini produce a strong
negative charge at the surface of the ligand shell at physiological pH, inducing unintended
interactions with biomolecules.26 Reducing the charge by replacing carboxylate- terminated
ligands with alcohol-terminated ligands was thought to reduce the charge sufficiently to
eliminate the toxic effects.

Subsequent studies demonstrated the effectiveness of shorter mercaptotetraethylene glycol
(MTEG) ligands and a carboxylic acid-terminated analogue (MTEG acid) for the
elimination of AuNP toxicity.75 This finding in the latter case is remarkable: despite the fact
that the ligand shell preserved roughly the same number of carboxylate termini, the effect in
vivo was altered significantly. This indicates more complex surface effects: either the
carboxylate alone was not responsible for toxicity, or the added MTEG acid altered
aggregation or serum protein adsorption behaviour. These biologically-induced processes
have not yet been studied for these AuNPs, but are known to affect interaction with
macrophages and other downstream effects.76 Tetraethylene glycol ligands are roughly
double the length of tiopronin ligands: the ligand tails which extend beyond the tiopronin
shell may effectively shield the tiopronin carboxylates, reducing the interactions which lead
to toxicity.
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Another effect of the integration of thiolated tetraethylene glycol ligands is an alteration in
biodistribution. Localization in the liver, kidney, and spleen were the most common, but the
integration of tetraethylene glycol ligands decreased the concentration in the organs by
nearly an order of magnitude.72,75 Circulation in the blood is also increased for these
AuNPs, with the concentration of gold in the blood remaining remarkably constant over 4
weeks.75

Glutathione-protected AuNPs
For studies in vivo, the organic shell should simply provide a bioinert surface from which a
peptide can be projected in a biomimetic fashion. In order to construct a maximally bioinert
monolayer, it is sensible to choose protecting ligands which are natively present in vivo.
This is especially relevant considering the susceptibility of the monolayer to ligand
exchange with thiols natively present in biological systems. If the AuNP persists for any
considerable length of time, it is reasonable to assume that some significant portion of the
original monolayer will have been replaced with biomolecules.

Glutathione is the most abundant thiol in vivo, and has been observed at millimolar
concentration ranges.77,78 This makes glutathione the most likely molecule to exchange into
the monolayer. By synthesizing AuNPs with glutathione as a protecting ligand, this effect
can be negated. We hypothesized that, despite the large number of carboxylate termini,
glutathione-protected AuNPs would have high biocompatibility and resistance to long-term
chemical alteration, reducing the number of unintended interactions and thus the toxicity.

Glutathione-protected AuNPs showed no signs of toxicity at up to 80 mg/kg in a murine
model, confirming our hypothesis. Localization in organs was similar to that of the mixed-
monolayer AuNPs discussed previously, though the AuNPs were entirely absent from the
blood after ~24 hr (Figures S12–S14). The rapid clearance of GS AuNPs confirms the
findings of Zheng and co-workers.79 However, there was a remarkable AuNP concentration
increase in the blood between 3 and 4 weeks post-injection (Figure S13). This finding was
reproduced in a second, longer study. This second study found that, after 4 weeks, the AuNP
concentration in blood returned to basal levels, later returning to elevated levels at ~7 weeks
post-injection (Figure S14).

In a third study, the synthetic method used for the production of glutathione-protected
AuNPs was slightly altered, yielding AuNPs of a virtually identical size but with an apparent
decrease in ligand packing density in the organic shell. NMR characterization revealed
differences in signal which are consistent with alterations in monolayer structure (Figure
S11).80 This second AuNP product induced a remarkably different response in vivo; the
delayed circulation observed with the first glutathione-protected AuNP product was not
observed in this case.

These findings raise a number of interesting questions. Can AuNPs that have been localized
to organs be returned to circulation via an intrinsic or extrinsic trigger? Can variations in
surface structure among “isomeric” homoligand AuNPs cause differences in biological
function similar to that observed for heteroligand AuNPs?25 This is a fertile area for
research, with many relevant questions waiting to be probed. The answers to these questions
will shed light on the chemical and biochemical processes that take place during interactions
with nanomaterial surfaces.
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5. Conclusion
Biomimetic, nanostructured organic shells: a holistic approach

Recent advances in the generation of anisotropic monolayer-protected AuNPs24,51,81 allow
biomimetic applications in which large portions of the organic monolayer are involved in
biological interactions.23 This stands in contrast to the studies described here, in which an
inert organic shell with a single integrated bioactive component is favoured. In the case of
structured organic shells, the complex surface chemistry which has produced remarkably
variable effects in vivo, as described in the previous section, can be harnessed to tune its
biological effects. These effects can range from reduction of non-specific protein
interactions24 to modification of cell entry pathways,25 creation of controllable pores in cell
membranes,82 and development of specific binding sites.23 It is also possible to begin
conformational epitope mapping, in which three-dimensional sites can be mimicked using
multiple ligands spatially oriented in the monolayer in a reproducible way.

It is possible to conceptualize a number of new approaches to achieving and applying
biomimicry based on combining these advances with developed technologies. To name a
few examples: computer-aided molecular design could be adapted to assist in
conformational epitope mapping in order to design surface structures which project desired
functionalities in a spatially-controlled fashion in order to optimally imitate native antigens.
High-throughput screening (HTS) methods utilizing variable size and surface structure could
be used to rapidly assess the effectiveness of the various nanoscale structures which are best
suited for a given target. Structure-based drug design principles could be applied to
maximize affinity and specificity, leading to the development of entirely artificial antigen
mimics for use in biological systems. Some of these approaches already exist in a slightly
different form,22,23 and have not been specifically applied for antigen mimicry by structured
organic shells.

Another advantage of structured organic shells is the ability to build controlled AuNP
superstructures.83 This has the potential to lead to a new type of biomimicry, in which
individual anisotropic AuNPs become equivalent to protein subunits. The ability to create
stable organic-organic interfaces could yield an interesting array of biomimetic chemistry on
an AuNP scaffold.

Conclusion
Through the numerous studies described here it has become apparent that monolayer-
protected AuNPs can generate a variety of biological responses which are strongly
dependent on the surface chemistry of the organic shell. Biomimicry, specifically in the
context of antigenicity, is clearly achievable. Though the optimization of these biomimetic
scaffolds for applications in vivo is ongoing, the number of tools and variables available for
optimization are bringing end goals much closer to reality. The ability to harness nanoscale
structure in the organic shell provides a greatly expanded versatility which can both
accelerate success and open up new avenues of research into biologically useful
nanomaterials. The practically endless possibilities for complex chemistry lead to
applications in areas much more diverse than what has been detailed here. Because of their
versatility and ease of use, the future of monolayer-protected AuNP-based applications
consists of numerous ideas waiting to be explored.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Experimental design for in vitro studies described here. A cysteine-appended epitope is
integrated into the protecting organic shell of a hydrophilic monolayer-protected AuNP by
ligand exchange. The gold electrode on a QCM chip is functionalized with a protein matrix
(1) designed to immobilize the selected antibody while resisting non-specific binding to the
biomimic. The antibody (2) is added, and subsequently the biomimetic AuNP (3) is brought
into contact with the chip. After each addition, the chip is washed to ensure the elimination
of non-specifically bound material. Observed mass increase in the final step that is not
washed away is indicative of immunorecognition via biomimic-antibody binding.
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Figure 2.
Detection of mimic A by a QCM immunosensor with and without PZ. Blue sections
represent the flow of PBS without analyte. White sections indicate the binding of Protein G
(50 μg/mL, 192 ng bound), BSA (1 mg/mL, 53 ng bound), nanoparticle mimic A (820 μg/
mL, no detectable amount of material bound), PZ (10 μg/mL, 92 ng bound), and
nanoparticle mimic A again (410 μg/mL, 150 ng bound), respectively.
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Figure 3.
Experimental design for in vivo experiments. Mice are injected with monolayer-protected
AuNPs. Blood and urine are collected regularly, and organs are collected at the end of the
study. The concentration of gold in each is measured by inductively-coupled plasma-optical
emission spectroscopy (ICP-OES), and any immune response is observed by an increase in
white blood cell counts.
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Table 2

Monolayer-protected AuNPs that have been tested in vivo, including those protected by various mercaptan
tetraethylene glycols (MTEG), such as ligands with an alkyl linker region (mercaptoundecyl-TEG, or
MUTEG) and those with carboxylic acid termini (MTEG acid). Organ retention is listed in order of highest to
lowest Au concentration. Only tiopronin-protected AuNPs have been found to be toxic, and most of the
variants have safely cleared the system without generating an immune response in se. This is a desirable trait,
indicating the potential to be made antigenic with specificity by the integration of an epitope into the organic
shell.

Monolayer composition Toxicity Blood and urine clearance time Immune response Organ retention

Tiopronin (Tio) >23 mg/kg 8 hr none liver, spleen, kidney

Tio:MUTEG none >4 wk at high MUTEG abundance spleen, kidney, heart, liver

Tio:MTEG acid none 24 hr none liver, spleen, kidney, heart

Tio:MTEG none 24 hr none liver, spleen, kidney, heart

Glutathione none 24 hr (and later, see text) none liver, spleen, heart, kidney
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