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During the recent developments in nanomedicine, gold nanoparticles (Au NPs) have emerged as interesting tools
in the field of drug-delivery systems (DDS) due to their low toxicity, stability, easy synthesis and reproducibility [1].
Au NPs are able to link therapeutic molecules on their surface by covalent or noncovalent bonding or by a previous
functionalization of Au NPs and release the drug only in a specific site without damaging the healthy tissue [2].
Moreover, the small size of gold NPs allows their accumulation in sites of tumor and inflammation and exhibit
fast cell uptake using mechanisms different from those typical of small molecules [3]. Their optical property is
characterized by surface plasmon resonance (SPR), by which incident light is converted into heat, which makes
them very useful in promoting photothermal drug release [4]. The main drawback resides in the fact that after their
administration, if not confined, they escape through the circulatory torrent without reaching the target site and so
losing their efficacy. For this purpose, hybrid materials formed by the loading of Au NPs inside polymer networks
are studied to improve local drug delivery. In this case, the easy injection and confinement of the hydrogel in the
site of injury represent the main advantages together with local release of both small and large molecules in response
to thermal stimuli [5].

Properties of Au NPs
Au NPs are investigated in the biomedical field because of their biocompatibility, easy synthesis and easy func-
tionalization, together with their magnetic and optical properties [6]. Their nano size allows a high surface area
to volume ratio leading to the possibility of a high surface functionalization and interactions with the biological
environment. Their functionalization takes place in two steps: first using thiolate molecules on the surface and
then through second bonding between free molecules and the pregrafted thiolates [7]. This second bond can be of
covalent type, such as by using maleimide, carbodiimide and click chemistry [3] or noncovalent, such as electrostatic
or hydrophobic interactions. In particular, the use of covalent conjugation is justified by the using of Au NPs as
targeting or imaging contrast agents, while noncovalent conjugation can be used for drug-delivery purposes because
stimuli coming from the external environment can promote the release of the attached molecules.

A typical property of Au NPs is the ability of changing the color of their aqueous solution depending on their
size (from 1 to 100 nm), but the main and useful one is to convert an electromagnetic field of light into heat.
This phenomenon is caused by the optical property of SPR, by which the excited surface electrons of Au NPs
thermalize with the phonons of the NP releasing heat [8,9]. Au NPs are characterized by the tunability of the SPR,
which depends on the Au NPs shape, size and aspect ratio. Interactions between phonons then transfer the heat
from NPs to the external environment [10]. When the shape of Au NP changes from sphere to rod, a change of
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the absorption and scattering cross-section occurs, with a shift of the absorption co-efficient from the visible to the
near infrared (NIR) spectral range. This characteristic of the Au NPs allows wavelength-selective light absorption
and consequent temperature increase in the NIR region, where the optimum wavelength for light penetration in
biological media is achieved.

Thermo-responsive polymeric systems
Polymeric particles are colloidal DDS able to encapsulate or link drug molecules with the principal aim to protect
them from renal clearance, immune response and degradation in order to improve biodistribution inside the body.
The widely known mechanisms of passive and/or active targeting allow the accumulation of polymeric NPs inside
the tissue to be treated, where specific environment conditions lead to the release of the drug from NPs. For example,
tumor tissues are characterized by a lower pH and a temperature 1–2◦C higher than that of healthy tissue [11].
In other cases, an external heat source can be applied in a specific site of the body to create a local increment of
temperature. Thermo-responsive colloids are suitable for this purpose.

In particular, one of the most studied micelles in the drug delivery field is represented by N-isopropylacrylamide
(NIPAM) monomer, which is characterized by a lower critical solution temperature (LCST) of 32◦C, above which
it becomes less soluble. In addition, the copolymerization of NIPAM with hydrophilic monomer (i.e., lactic
acid) results in an increase of the resultant polymer’s LCST, whereas the addition of hydrophobic monomer leads
to a lower LCST. In the majority of cases, at temperatures below the LCST, the micelle presents the NIPAM
blocks in its shell and other hydrophobic blocks in its core, but when the temperature overcomes the LCST the
NIPAM becomes less soluble and collapses leading to a change of micellar structure with consequent release of the
encapsulated molecule [12,13]. Polymeric NPs containing NIPAM in the copolymer use the same principle to release
the encapsulated drug in combination with a pH-responsive delivery [14].

Another strategy is represented by thermoresponsive block copolymers, such as that formed by ethylene glycol
methyl ether methacrylate and propylene glycol methacrylate, that can be used to enhance drug delivery perfor-
mances and cell uptake for temperatures higher than 37◦C [15]. In this case the coating onto NPs can swell or
shrink depending on temperature and this behavior influences cell uptake and so selective drug-delivery properties.
Finally, thermo-responsive hydrogels represent another case of polymeric DDSs that contract at temperature higher
than LCST [16]. The shrinking of hydrogel network causes the leakage of the water where the therapeutic agent
is solved. One of the main advantages is the possibility to minimize the risks of surgical procedures due to their
injectability and ability to create a 3D network in situ, in the target tissue.

The new frontier: hybrid materials
In the last decades, hybrid materials based on the union of Au NPs and polymers attracted a lot of interest in
biomedical field, although their studies are still limited. In particular, they combined the optical property of Au NPs
with the thermo-responsive property of hydrogels. For example, the research group of Ying Qu et al. [17] developed
a hybrid material to prevent the postoperative recurrence of breast cancer. Gold nanorods were embedded inside
a hydrogel containing NIPAM in order to promote a photothermal release of doxorubicin after the excitation
with a near-infrared laser. The effect of the change in temperature inside the hydrogel led to a contraction of the
thermo-responsive hydrogel and the consequent release of drug.

In another study, Au NPs embedded cellulose grafted polyacrylamide hydrogels were used to improve thermal and
rheological properties of the hydrogels together with a sustained and controlled long term release of ciprofloxacin
drug [18]. The improved mechanical properties may be present due to strong interactions between Au NPs and
polymer chains that can provide high crosslinking strength.

Finally, a recent work of the research group of Rossi [5] is based on a hybrid material composed by Au NPs loaded
in a hydrogel of agarose and carbomer 974P with the final aim to control the release of therapeutic molecules by
using an external UV light. In comparison with the thermo-responsive hydrogels described above, this hydrogel
responds in the opposite way: the heat released from Au NPs promotes the relaxation and widening of the hydrogel’s
mesh. Consequently, physically entrapped molecules can diffuse outside the polymer network. Another interesting
point underlined is the key role of Au NPs aggregation that can influence network relaxation after light-based
stimuli and consequently release rate. In particular they observed a faster release of a mimetic drug from the
hydrogel loaded with uncoated Au NPs than that loaded with PEGylated Au NPs due to the aggregation of the NPs
inside the hydrogel. Therefore, by combining Au NPs with polymeric hydrogels it is possible to have an injectable
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DDS that guarantees a local and controlled drug delivery by applying an external excitation source, limiting in this
way the adverse effects derived from the accumulation of drugs in different organs of the body.

Summary
Au NPs are of particular interest in the biomedical field, especially for their size and shape dependent properties.
In particular, their optical properties can be used to enhance the local and controlled delivery of drug from a
thermo-responsive hydrogel. In this Editorial the applications of Au NPs and thermo-responsive hydrogels are
summarized in order to underline the importance of these hybrid materials in the biomedical field.

What about the future?
The main challenge in the use of Au NPs in thermal therapy is represented by the delivery of an optimized
concentration of NPs in the target site, in order to be high enough to take advantage of the thermal effect but
considering also the necessity to reduce laser intensity directed to the healthy tissue.

In this framework, attention should be given to engineering that can help to plan and predict the settings of Au
NPs-based thermal therapy, together with intraprocedural monitoring of the thermal outcome. This could support
the design and the proper control of the therapy. Indeed, a good understanding of the phenomena involved in
laser-tissue interaction with Au NPs is fundamental for the design of the preplanning treatment and to define an
accurate thermometric approach.
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