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Investigations on the elasticity of functional gold
nanoparticles using single-molecule force
spectroscopy†

Li Sun, ab René Riedel,c Stefan G. Stanciu, d Fang Yang,*bce Norbert Hampp,c

Li Xu *a and Aiguo Wu *bce

A wide range of investigation tools and frameworks aimed at the in depth understanding of the physico-

chemical properties of different nanomaterials and at exploring their cellular interactions and effects

have been reported in the past couple of decades. Among these, Single-Molecule Force Spectroscopy

(SMFS) emerges as a very important tool for characterizing nanoparticles (NPs) and one of its very

valuable applications consists in the quantitative analysis of the NPs’ elasticity. In SMFS experiments that

tackle this subject, a sharp tip present on the apex of a cantilever is indented into a single NP, and then

the Young’s modulus is determined as a measure of its elasticity, which is one of the fundamental

mechanical parameters affecting the structural and functional cellular parameters. Based on such

approaches, SMFS enables the observation and analysis of significant cellular effects that are relevant

to various cellular parameters. In this focused review, we turn our attention towards several approaches

for detecting the elasticity of NPs, systematically summarizing the divergent elasticity values of distinct

gold nanoparticles (AuNPs) with different surfaces. We carry as well a critical discussion on the elasticity

assessment models and the fundamental factors that influence NP elasticity assessment by means

of SMFS.

1. Introduction

With the rapid progress and development of nanotechnology, a
wide variety of new generation materials have emerged enabling
novel cutting-edge applications in multiple critical fields, including
nanomedicine1,2 or nanoelectronics.3,4 In this context, nano-
structured and nanometer-sized materials have drawn the
attention of numerous scientists because of their unique physico-
chemical properties and great promise in the development of
applied science. Currently, nanoparticles (NPs) stand at the
forefront of the rapidly developing field of nanotechnology.
They serve as important components in modern nanotechnology

approaches that address diverse fields and offer unprecedented
opportunities to design and develop novel materials useful for
various applications, e.g., electrical devices,5–7 solar cells,8,9

imaging10–13 or biomedical therapy.14–18 Over the past few years,
a particular focus of attention has been placed on the develop-
ment of NPs that can be functionalized to exhibit distinct
physicochemical properties and on their translation to bio-
medical research and practice.19 In fact, given the thriving
research and industrial interest in the field, the emergence of
functional NPs serves as a key factor in addressing unsolved
scientific and technical problems, including those involving our
daily lives or those concerning biomedical and clinical applications.
With respect to the latter, an important aspect that needs to be
taken into account consists of the fact that functional NPs may
pose a risk to human health.20–22 Therefore, each new class of
NPs must be evaluated for its potential health hazards with
complex biological assays before their functionalized variants
can be safely translated to the biomedical realm to realize their
enormous promise.23 Hence, in parallel to the ongoing efforts
placed towards developing and synthesizing novel NPs that take
place at a very rapid pace, simultaneously, their properties
should be investigated using complementary chemical and
physical approaches that allow their in-depth understanding.
Among the different types of NPs that have lately drawn major
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interest, gold nanoparticles (AuNPs) represent maybe the
most extensively studied class of NPs and a focal point of the
scientific community, not only because of their unique optical
properties24,25 but also because of their excellent mechanical
properties.26,27 The field of gold nanoparticle research has
attracted huge interest over the past years. There are many
important review papers that focus on gold nanoparticles
uptake28 and their effect on cellular processes,29 their various
roles in therapeutics and diagnostics scenarios,22,30–32 toxicology
aspects,22,33,34 or sensing.35–44 Studies that address their
synthesis45–50 or various physicochemical properties, such as
plasmon resonances,51 spin polarization52 or fluorescence
quenching53 are also important, as they provide in a concise
manner insights into specific aspects important for key fields of
science. Review papers that focus on the mechanical properties
of gold nanomaterials are few in number, and mainly address
very specific topics, e.g. ref. 54–56. To the best of our knowledge
no review paper to summarize the current level of knowledge
and available assessment methodologies for gold nanoparticle
elasticity has been reported to date. However, the more general
topic of the mechanical properties of nanoparticles has
been addressed in the insightful review article authored by
Guo et al.,57 where the authors discuss important aspects such
as hardness, elastic modulus, adhesion and friction. To better
understand AuNPs, thorough studies on their mechanical
properties are necessary. In particular, the properties of special
interest include elasticity and adhesion. Elasticity, the ability of
a material to resist an applied deforming force and to return to
its original size and shape when the force is removed, is
typically used for describing the mechanical properties of a
material, as is adhesion, which is defined as a tendency to
keep the substances together in close contact. With respect to
nanoscale entities such as AuNPs, specific mechanical proper-
ties play a significant role in related studies and applications.58

In order to obtain a clear picture on the importance of the
addressed topic, we have performed a literature survey of
the research articles published between 2008 and 2018. The
methodology for this survey was as follows: we have queried the
Web of Knowledge database (Clarivate Analytics, USA) to retrieve
articles, proceedings papers and meeting abstracts whose title
include the terms ‘‘Gold’’ or ’’Au’’ and ‘‘mechanical’’. This search
yielded a total of 269 results, of which 89 (B33%) represent
studies addressing directly the mechanical properties (or having
deep implications for) various nanoscale or nanostructured gold-
based advanced materials such as nanocages,59 nanosprings,60

nanorods,61,62 nanolines,63 nanoparticles,64,65 thin films,54,66

nanoporous Au,67,68 etc. We have also performed a more narrow
query, retrieving the same item types, published within the same
time frame, using combinations of the terms ‘‘Au’’ or ‘‘Gold’’ and
‘‘elasticity’’, ‘‘stiffness’’, ‘‘hardness’’. This second query yielded a
total of 46 publications, of which 15 (B33%) directly addressed
nanoscale gold structures, e.g. ref. 69–72.

In many regards, including mechanical ones, AuNPs exhibit
completely different properties in comparison to bulk gold.
For instance, depending on their composition, size, shape and
ligands, small AuNPs can exceed the elasticity of pure bulk

gold (78 GPa).69,73 Ramos et al. measured an elastic modulus of
100 GPa for six-fold icosahedron AuNPs with a size of 22 nm.74

An accurate quantitative understanding of their elasticity and
adhesion properties is important for improving the design
of functional AuNPs and modelling their cellular uptake or
their intercellular trafficking, which are complex processes and
not yet well understood. Investigations on such topics can be
however quite difficult to perform mainly because there are
many factors that influence the uptake or trafficking mechan-
isms, including size, shape and chemical conjugation. Among
these factors, the size of the NPs plays a particularly important
role. For example, Trono et al. showed that the uptake of a
certain amount of 20 nm AuNPs is faster than that of the same
amount of smaller (10 nm) or larger (30 nm, 40 nm, 50 nm and
100 nm) AuNPs of the same shape.75 Smaller NPs undergo
faster exocytosis, whereas larger NPs seem to bind to fewer
different proteins.76 It is also important to consider the agglom-
eration of NPs since this may lead to inferior uptake ratios. In
addition to size, the NP shape has an effect on the uptake
mechanism. Wang et al. investigated the uptake of polyethylene
glycol (PEG)-coated AuNPs with different shapes by breast cancer
cells (MDS-MB-435)77 and found nanohexapod AuNPs exhibit a
higher uptake ratio than nanorods and nanocage AuNPs. Chan
et al. determined that spherical AuNPs have a higher uptake
ratio than gold nanorods when the NPs are uncoated.78 When
coated with ligands, gold nanorods were found to be internalized
faster than gold nanospheres, which is probably because of the
higher concentration of ligands per NP that interact with the cell
surface. The interaction between the NPs and cell surfaces is one
of the important factors that control the uptake mechanism.
Because the cell surface is negatively charged, a NP with a
positively charged surface may seem to be taken up more readily
than a NP with a negatively charged surface.79–81 However, the
complexity of the surrounding media leads to a NP–protein
corona which controls the NP–cell-interaction.82–85 This corona
depends on the medium and its properties, such as pH value.
Furthermore, the uptake ratio has also been shown to be highly
dependent on cell type.

To date, the effect of the mechanical properties of NPs,
such as adhesion and elasticity, on cellular uptake has rarely
been investigated. However, there are some publications that
quantitatively analyze how the elasticity and adhesion of different
AuNPs influence their biological effects. Tao et al. revealed that
macrophages are not able to phagocytose very soft samples.86

Moreover, the phagocytosis of soft NPs can be constrained by
particle deformation.87 Hence, soft, flexible particles are expected
to have longer blood circulation lifetimes than hard particles.
Yi et al. established a theoretical model to describe the influence
of elasticity on particle wrapping.88 According to this model,
softer particles are less prone to wrapping than stiffer ones,
which can be ascribed to the difference in elastic energy. A stiffer
particle is rapidly encompassed by a membrane, whereas a soft
particle would initially rub along the membrane’s surface. Total
wrapping around a soft particle would take more time. Thus,
more energy is required for the wrapping, making it less likely
to happen. This could be one of the reasons why PEGylated
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AuNPs are less prone to be taken up by cells than bare AuNPs.
These studies provide important evidence that when it comes
to cellular investigations, the mechanical properties of NPs
influence their interaction with cells. Therefore, understanding
how to quantitatively measure NPs’ elasticity, and defining
optimal protocols in this regard, will be helpful for appropriately
collecting information that is extremely valuable for their efficient
translation to biological applications.

Over the last several decades, atomic force microscopy-based
single molecule force spectroscopy (SMFS) has evolved into a
universal and useful tool for the study of the interactions and
the binding forces between individual molecules, providing
more physical information about the nano-/micro-size samples.89

Such high-resolution techniques capable of addressing single-
molecules are now widely used for measuring the behavior of a
molecule under pressing, stretching or torsional mechanical forces.
A great deal has been learned recently from various advanced
approaches based on SMFS, such as triggering of enzymatic
activities,90 in-depth understanding of polysaccharides,91 informa-
tion about protein folding and unfolding,92 bacteriorhodopsin
folding, or insights into cell adhesion.93 Through its flexibility,
SMFS breaks through the limitations imposed by very specific
measuring conditions, which apply in the case of other techniques,
and allows even precise measurements in liquids of single NPs.
Because in the frame of a SMFS measurement the cantilever
may touch different areas on the surface of the NP, there are
different measuring approaches and results. In this review,
we discuss the average elasticity for series of AuNPs based on
significant statistic calculations.

When applied as a single-molecule force spectroscopy
(SMFS) technique, atomic force microscopy (AFM) serves as
an optimal tool for detecting elasticity because of the reduced
number of limitations referring to the measuring conditions. It
has thus become one of the most frequently employed methods
to measure the elasticity of a cell.94,95 AFM based SMFS89

overcomes previous limitations by enabling precise observa-
tions on elasticity over a nanoscale area and can probe samples
exhibiting diverse physical properties, e.g. conductive or non-
conductive, stiff or soft, and flat or rough samples.96,97 Because
of this flexibility, it serves not only as a universal method for
the external characterization of materials but also as a useful
tool for understanding various biological aspects.98,99 For example,
several studies have demonstrated the use of SMFS in the
single-molecule characterization of protein unfolding, whereby
the adhesion property of a DNA string100 and the binding force
of a polymer to a substrate have been investigated.101 As high-
lighted also above, as a parameter of primary importance,
elasticity also serves as a key factor in completely understanding
the physical properties of an NP that influence its cellular
uptake and toxicity.19,88 Recently, a novel qualitative method
was demonstrated for the distinction between stiff NPs and soft
NPs. Soft zwitterionic nanogels were found capable to pass
more rapidly/easily through physiological barriers, i.e., splenic
filtration, than their stiffer counterparts, preventing splenic
accumulation and extending their circulation half-life.102 However,
SMFS is yet to be regarded as a default tool or method to provide

the accurate quantitative calculation and analysis of elasticity, a role
that we consider that SMFS in conjunction with a nanoindentation
model can successfully assume in the not so distant future. The
interested readers can find additional information on the working
principles of AFM and SMFS in the ESI.†

2. Approaches to measure the
elasticity of NPs

The quantitative understanding of the mechanical properties of
NPs represents a key factor for their smooth integration into
important biomedical applications (and not only). Importantly,
in the context of a quantitative measurement of a material’s
stiffness, elasticity is referred to as Young’s modulus. Normally,
the Young’s modulus is dependent on the change in indenta-
tion, which is likely to be affected by the low-bending stiffness
of the linear nanostructure at the terminal end. Because of the
different apices of probes, the appropriate model can be used
as a description of elasticity, e.g., spherical, linear and conical
models. First, the Hertz model considers a linearly elastic
sphere indenting an elastic surface without surface forces or
adhesion. In this situation, the Hertzian equation leads to a
final calculation of elasticity that depends on the loading force,
Poisson’s ratio, the radius of the indenter and the indentation
depth. Second, the Derjaguin–Muller–Toporov (DMT) model is
used for an elastic sphere with a rigid surface but includes the
van der Waals force outside the contact region. Normally, it is
applicable to stiff samples with low adhesion. Third, Sneddon’s
equation considers a rigid conical shape on an elastic half-space.
In the Sneddon model, the equation is related to the loading
force, Poisson’s ratio, half of the indenter and the indentation
depth. For instance, a conical tip with a tiny diameter has been
utilized for analyzing the elasticity of a series of AuNPs.103 SMFS
is performed over the same areas to measure the mechanical
response of the NPs during the approach and the retraction of
the AFM probe, as shown in Scheme 1. In particular, the
elasticity is extracted from the approach process. The response
curve is presented in Scheme 2, as well as the corresponding
situation of the tip. Owing to the conical apex on the top of the
cantilever, the elasticity will be calculated from the deflection
versus distance data. The deflection sensitivity of the SMFS,
which relates to the output voltage corresponding to the applied
force, is assessed and adjusted during measurement (to preserve
the calibration) through the force–distance profiles on the surface
of the NPs. The interested readers can find details as well as
a comparison with the advanced peakforce quantitative nano-
mechanical property mapping method (QNM) in the ESI.†

The Young’s modulus of the NPs is influenced by the outer
organic molecules, with thicker polymer coatings resulting
in stiffer colloids, and by the type of polymer coatings (e.g.,
cross-linked versus non-cross-linked).104 Because the outer
polymer packing density can induce stiff protection of the core,
particularly under aqueous conditions, the Young’s modulus
in water Ew is stiffer than that in air Ea.103 For instance, the
behaviour of PEG plays a determining role with respect to
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the elasticity of PEGylated surfaces. The situation where
water molecules are trapped in the PEG ligands, as shown in
Scheme 2, is especially of interest, as it leads to Ew values that
are significantly larger than the equivalent values in air Ea.103

3. AuNPs conjugated with different
PEG derivatives
3.1 Imaging of AuNPs conjugated with different PEG
derivatives

A critical aspect of biological applications consists in the cellular
internalization of NPs, which is affected by their mechanical
properties and cell surface mechanics.105,106 Despite the
considerable progress in investigating the intrinsic properties
of NPs, the role of elasticity has not been scientifically
summarized yet. To quantitatively explain the correlation
between the elasticity and biological effects, a homogenous
library of PEGylated AuNPs was synthesized.103 The AuNPs were
successfully prepared and characterized by scanning electron

microscopy (SEM) and AFM. Alternatively, AuNPs with different
core sizes and different PEG coatings but with the same hydro-
dynamic size (see Scheme 3) were synthesized in order to
demonstrate the strong dependence of their physicochemical
properties on the thickness of the polymer on the substrates.

The experimental procedure and results reported in an
important previous work107 referring to AuNPs for stiffness
assessment will be presented below: all the solutions were
diluted 10 times to avoid aggregation and then were dropped
onto a 1 � 1 cm piece of stainless steel with a smooth surface
(roughness ca. 1 nm). All stainless steel patches were cleaned with
acetone and chloroform and then dried at 18 1C under vacuum.
After dropping, it was necessary to wait 20–30 minutes until the
NPs sank to the bottom of the substrate. To image and locate
the NPs on the substrate, the measurements (see Fig. 1) were
performed using a JEOL JSM-7500F high resolution SEM equipped
with a backscattered electron detector (Y1Si2O7:Ce3+; yttrium
aluminium garnet activated by Ce3+, Autrata, Czech Republic).

Considering that interactions with the water content in PEG
can influence the measurements of stiffness, all the samples
were measured in water and after vacuum exposure (the water
content was less than 2%). After the submersion process, all
the samples in water could be measured directly using an AFM.
For the measurements performed after vacuum exposure,
all the samples were dried naturally for 8 hours till the water
disappeared to ensure that the NPs were dispersed on the
substrate. After treatment under vacuum for 1 hour, the samples
were immediately measured with the AFM. This process was
followed step by step due to water interference. A multi-mode IV
AFM (Veeco, Santa Barbara, CA) was chosen for the measure-
ments. The topological images (see Fig. 2) were obtained in
tapping mode (TM) with constant amplitude attenuation. The
cantilever approach (silicon-tip on a nitride lever, k = 0.32 N m�1,
f = 40–75 kHz) was utilized with an initial drive amplitude of
0.499 V (tip oscillation amplitude of 1.5 V).

Scheme 1 Conical cantilever indented into a single AuNP. The force curve
of indentation from SMFS is dependent on the process. A A cantilever
approaches the NP, and the force remains zero. B The tip indents the
polymer first, and the force increases slowly. C The tip indents continuously
until it touches the core, and the force increases faster, which means that the
slope here is greater than that in process B. D The whole NP is pressed down,
and the force increases to the same extent as in process C. The stiffness is
calculated according to Sneddon’s equation. Copyright 2016 Wiley.103

Scheme 2 Depiction of a conical tip intending into a single NP in water.
Water molecules are trapped by the PEG ligands.

Scheme 3 Different AuNPs with the same hydrodynamic size are obtained
by coating them with different PEG derivatives. The hydrodynamic size
is ca. 38 nm.
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Fig. 1 Selected AFM topological images of PEGylated AuNPs. The scale bar corresponds to 50 nm.

Fig. 2 Selected AFM topological images of PEGylated AuNPs. The scale bar corresponds to 200 nm.
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3.2 Elasticity of AuNPs conjugated with different PEG
derivatives in air and in water

In a previous landmark experiment,107 the indentation beha-
vior of the surface terminated with AuNPs–PMA–PEG was
reflected, and the curves of the single force versus distance of
the cantilever were recorded at the same time. Thus, Young’s
Modulus could be calculated by analyzing the approach process
(see Scheme 1). A calibration procedure was performed to
analyze the exact area of the conical tip, which was subsequently
used for all measurements. Each NP was approached approxi-
mately 60 times, and more than 15 NPs located on different
areas on the substrate were measured. Therefore, for each set of
samples, more than 900 curves were obtained and processed
using the NanoScope Analysis 1.5 software.

All trace curves were quantitatively calculated for indenta-
tion, which is related to the equation of Young’s modulus.
Young’s modulus is dependent on the tip radius, the deflection
sensitivity, the spring constant, the tip half angle and Poisson’s
ratio. Because of the conical shape of the tip, Sneddon’s
equation was selected for analyzing the stiffness of the AuNPs.
The results, including plots and 3D heat maps of the Young’s
modulus and size for the experiments conducted in vacuum
and in water, are presented in Fig. 3 and 4. In addition, because
of the massive statistical calculations depicted in Fig. 3(b)
and 4(b) the Gaussian distribution for each measurement and
the average values calibrated from all experimental data are

shown in Fig. 3(a) and 4(a), respectively. The plots show that the
Young’s modulus is related to the size of the NPs and the
molecular weight of PEG. Moreover, the Young’s modulus
increases when the core size of NPs with same molecular
weight of PEG increases. The same situation happens as well
when the molecular weight of PEG of NPs with same core size
increases. In addition, the elasticity of the AuNPs in water was
observed to be almost two orders of magnitude higher than that
in vacuum. This result revealed that the water content in PEG
plays an important role in the hardness of the NPs because of
the cross-linking of the PEG ligands via their interactions with
water molecules. It was thus demonstrated that the NPs in
water are harder than those in vacuum. From a statistical point
of view, the NPs in water have a larger hydrodynamic size
than those in vacuum, allowing the tip to touch a larger
effective area of the NPs based on the analysis of statistic
calculations (see Scheme 4).

4. AuNPs conjugated with different
proteins

Quantitative studies on the elastic properties of a material are
also important for understanding and predicting its resistance
to permanent deformation, as well as for modifying the design
of functional materials and structures.108 Some studies have

Fig. 3 (a) Plots showing the Young’s modulus of all the AuNPs. All the measurements were conducted in air. (b) Plots of the Young’s modulus of all the
AuNPs. All the measurements were conducted in water. (c) 3D heat-map of the Young’s modulus. Specifically, the 3D heat-map of the Young’s modulus
in air (modulus of elasticity, E) versus the core size and the molecular weight of PEG is plotted. Copyright 2016 Wiley.103
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stated that the elasticity depends on the size of the nanoscale
object under investigation and its biomolecule (e.g., protein)
coating.109–111 In this case, the resistance of a material to
deformation is a way to quantitatively measure the stiffness
of the material and can be used for optimizing the morphology
and composition towards further biological research and appli-
cation. Functional NPs conjugated with proteins are considered
biocompatible and biodegradable carriers for biological appli-
cations, as this type of NP was proven to have low toxicity.112

Moreover, NPs decorated with chitosan on their surface were

reported to respond to pH in a controllable drug-release
system113 and exerted an outstanding cytotoxic effect against
cancer cells and in nude mice.114 NPs with targeting molecules
have been used as a marker for radiotherapy.115 In fact, with
the rapidly increasing demand in the biological and medical
fields, investigation of the mechanical properties of NPs
will help scientists better understand their intrinsic character-
istic, thereby enabling them to explore more fundamental
and highly promising applications. In this regard, Wampler
et al.116 demonstrated the elasticity of AuNPs whose surface was
modified with bovine serum albumin (BSA) and streptavidin, as
shown in Fig. 5.116

Their investigation utilized an analytical method to explore
the elasticity of the nanosized AuNPs coated with proteins,
which has garnered considerable interest regarding the evalua-
tions of the stiffness of functionalized NPs. The goal of such
studies is to incorporate the findings into fabricating modified
nanomaterials for biomedical applications that take advantage
of their unique mechanical properties. In summary, we over-
viewed the recent progress on the elasticity assessment of
modified AuNPs with a core size diameter of 10–20 nm based
on nanoindentation by SMFS. According to the measured values
of the Young’s modulus, the smaller particles are stiffer and
more resistant to protein deformation than their larger counter-
parts. The results of this study can be used for tuning the
properties of AuNPs with surfaces functionalized by proteins.

Fig. 4 (a) Stiffness measurements in water. The Gaussian distribution of the Young’s modulus in water is plotted. (b) Stiffness measurements in air. The
Gaussian distribution of the Young’s modulus in air is plotted. (c) 3D heat-map of the Young’s modulus. Specifically, the 3D heat-map of the Young’s
modulus in water (modulus of elasticity, E) versus the core size and molecular weight of PEG is plotted. Copyright 2016 Wiley.103

Scheme 4 Tip touching different positions on the AuNP.
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5. Cross-linked AuNPs

NP networks hold as well enormous potential when considering
the development of next-generation electrical devices. Previous
studies showed that the elasticity of supercrystals and thin
films based on different non-cross-linked NPs is dependent on
the size of the capping ligands and packing density as well as
orientation order.117 In addition, the strength of the outer
chemical bonds in the coating of the nanocrystals also plays
a significant role, as does the strength of the interparticle
interaction between the ligands.118 A freestanding monolayer

of dodecanethiol-capped AuNPs with high ordering has been
shown to exhibit a much smaller elasticity than highly ordered
cross-linked AuNPs,119–121 which is due to the strong particle–
particle interactions. Therefore, a covalently cross-linked structure
will increase the elastic modulus. Cross-linked AuNPs have been
used as transduction elements for fabricating resistive strain
gauges,122–125 pressure sensors,126,127 and chemiresistors,128

wherein the transduction mechanism is based on the distance
between NPs because of force-induced strain or sorption-
induced swelling. Obviously, the performance of sensors and
flexible electronics based on NPs with different shapes and
modified molecules is dependent on their mechanical proper-
ties, such as elasticity and adhesion. In previous experiments
the elasticity has been successfully measured by calculating
the nanoindentation and force deflection using SMFS. For
example, Vossmeyer et al.129 demonstrated that AFM bulge
tests are well suited to probe the elastic properties of a cross-
linked AuNP-film shown in Fig. 6,129 which has applications in
flexible electronics, actuators, and sensors.121 Furthermore,
based on a nanoindentation approach, the elastic properties
of the membranes were investigated by analyzing their pressure
dependence on deflection, leading to a calculated Young’s
modulus of ca. 2 GPa.121 In other studies, the elastic modulus
of the membranes consisting of non-cross-linked dodecan-
ethiol AuNPs was found to be ca. 0.025 GPa.130 Conversely,
in other experiments the elastic modulus of the disordered
nonanedithiol interlinked AuNP-film was found to be ca.
5 GPa, which is on the same order of magnitude as those
reported for colloidal crystals and highly ordered monolayers of
dodecanethiol-stabilized AuNPs.119,131 The results of these
investigations will contribute to further study of the stiffness

Fig. 5 Values of the reduced modulus, Young’s modulus and hardness of various AuNPs conjugated with different proteins. Copyright 2009 Elsevier.116

Fig. 6 Elastic and viscoelastic properties of covalently cross-linked AuNPs
(i.e., 1,9-nonanedithiol cross-linked AuNPs with a 3.8 nm core diameter) in
films of different thicknesses. The membrane thickness and biaxial moduli
determined for the AuNP membranes analysed in this study were obtained
using the peak-deflection method (YD) and the circular fit method (YC).
Copyright 2014 American Chemical Society.129
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of cross-linked AuNPs and its impact towards their efficient
translation to reliable real-life applications.

6. Discussion and conclusions

Investigating the elasticity aspects of distinct AuNPs with various
coatings and sizes and in different environments has gained
massive interest over the past years mainly because the use of
AuNPs in daily life applications as well as in biomedical research
and practice is increasing in a very rapid pace. The great
versatility of AuNPs with different characteristics (coatings, sizes,
or mechanical properties) offers great potential for a wide range
of disciplines. However, with respect to many aspects their
mechanical properties have still not been fully comprehended,
which causes concern as less understood aspects can have a
negative impact on their reliability and function. Considerable
progress has been made in the past couple of decades in our
understanding of mechanical properties such as elasticity. The
elasticity of NPs serves as an important parameter with respect to
critical aspects of drug delivery or bioreporters, such as cellular
uptake or induced mechanical properties. Understanding the
effects of the elasticity of NPs on their biological behaviour
is essential for the development of novel nanodrugs and bio-
medical materials. In particular the stiffness of the outer coat-
ings of NPs is crucial to predict and control the ability of the NPs
to diffuse and disperse inside cells or the human body. Obtain-
ing information about how to improve their accumulation time
in tissues, circulation lifetime in the blood and resistance to
metabolism is an important task for further applications in the
biomedical field. In the case of electrical devices, the mechanical
properties (i.e. elasticity) of underlying materials such as AuNPs,
hold deep implications for the performance and reliability of the
fabricated electronics and electronic components. This is depen-
dent on the orientation order, enabling strong interparticle
interaction between face-to-face oriented neighboring crystal
lattices, which is attributed to the structure or array of AuNPs.

In this review, we have surveyed a series of recent
approaches for elastic modulus measurements of the stiffness
applicable to different types of AuNPs. These approaches
demonstrate that the elasticity of the AuNPs can be success-
fully studied by SMFS and analyzed by complementary com-
putational methods, enhancing their further implementation
in next-gen nanomedicine applications or nanodevices with
applicability in various other fields. Important conclusions
that can be drawn from this review: (i) the elasticity of AuNPs
in water is larger than that in air, (ii) the elasticity of AuNPs
conjugated with protein is larger than that of AuNPs conju-
gated with small molecules, and (iii) the elasticity of cross-
linked AuNPs is larger than that of non-cross-linked AuNPs.
Furthermore, exploring the nanoindentation of a single AuNP
will be helpful for algorithmic calculation of the modulus.
This will open up many possibilities to exploit the intrinsic
properties of functional designed AuNPs for future next-gen
applications.
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