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A stable and controllable coating can be formed on the surface of gold nanorods (AuNRs) by using metal—
organic frameworks (MOFs), which avoids the agglomeration of the nanohybrid AUNR@MOF and also
expands the functionality of the plasmon nanoparticles. In this review, we discuss the chemical role of
the different components of the nanohybrid, i.e., AuNR, surface ligand or mesoporous nanostructure
(MN) and the MOF around the AuNR. The methodologies used in the different synthesis stages and the

factors to be considered to maintain stability in the construction of this type of nanostructures are also
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around AuNRs, even using the same components for their formation, which vary depending on the
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1. Introduction

Many researchers have successfully developed different
synthetic methodologies to prepare gold nanoparticles (AuNPs)
with controllable sizes and shapes, such as stars, spheres,
prisms, and rods,"* looking to control their optical properties.
Among the different shapes studied, gold nanorods (AuNRs)
have been intensively and particularly studied owing to their
optical properties ranging from visible to near-infrared (NIR)
region by adjusting the aspect ratio.>* NIR is also called the
biological window, which is especially relevant to biological
systems due to the high penetration of the irradiation into the
tissues. This attribute makes AuNRs good candidates for
nanomedicine applications.®

AuNPs have the capacity to cause a phenomenon known as
localized surface plasmon resonance (LSPR), which implies that
when AuNPs are excited with light, the applied electromagnetic
field interacts with their surfaces and the outermost electrons
begin to vibrate, generating a kind of vibrating electronic cloud
known as plasmon. Once AuNPs are excited with light, they can
emit the energy received through light scattering, resulting in
a phenomenon known as surface-enhanced fluorescence (SEF).
This phenomenon can be used in nanosystems containing
AuNRs and a chromophore where the incident light excites both
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nanohybrids, mainly in the biological field.

species, but the scattering light generated by the plasmon also
manages to excite the chromophore, as long as the distance
between the surface of AuNRs and the chromophore is
adequate, increasing the intensity of its fluorescence emission.
To date, this distance has been reported to be generated with
a peptide® or a core-shell of SiO,,” for example. AuNPs can also
generate the surface-enhanced Raman scattering (SERS) effect,
which is used for high-sensitivity analyte detection.®*® This
effect produces an intense dramatic enhancement in the
detection of the analyte located adjacent to metal nano-
structures. In particular, AuNRs have emerged as a powerful
analytical technique for monitoring trace amounts of chemical
and biological analytes because of their longitudinal plasmon
band. AuNRs can be easily tuned by changing the aspect ratio to
match the excitation laser for the maximum Raman enhance-
ment, high sensitivity, and rapid response,'** for instance.
Finally, hybrid nanostructures based on AuNRs encapsulated
within MOFs, abbreviated as AuNR@MOF, have been reported,
where they can take up molecules into the MOF pores, bringing
them close to the AuNR surface, which has the advantage of
facilitating highly selective detection, allowing efficient detec-
tion of guest molecules by SERS.****

MOFs are structures formed by the assembly of metal ions or
even preformed clusters of metal ions, which act as metal
centers connected to one or more kinds of organic linkers,
forming 1D, 2D or 3D porous coordination polymers.*>'® These
crystalline structures are micro-/nanoscale in size, have a large
surface area, and contain nanopores with controllable pore size
and geometry depending on the synthesis conditions appro-
priate for the required design, allowing MOFs to be used in
various applications, including gas storage and separation,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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environmental gas sensing, catalysis of chemical reactions,
transport of drugs or molecules and metal ions, and fluores-
cence sensing.'’

Recently, AUNP@MOF hybrid nanostructures have been re-
ported in the literature and used in several applications,
including sensing,*” catalysis and analyte detection.*>**
The preparation of these nanostructures can present certain
new advantages as follows: (i) MOFs can be used to prevent
AuNP agglomeration;* (ii) MOFs can form a protective shell
around the AuNP with a controllable size; and (iii) as hybrid
materials, they can improve their properties, eliciting a selective
and higher catalytic activity and improving selectivity for small
analytes, and significant improvement of sensitivity for Raman
detection is possible as well, which is hardly achieved by either
AuNPs or MOFs alone.*"** These advantages are the principal
reason for the preparation of such new hybrid materials.

Some research groups have studied particularly AuNR@MOF
nanohybrids*****-*¢ and help us understand the role of their
components, the synthesis methodologies involved and the
applications for which they can be used based on the charac-
teristics of AuNRs and MOFs. Indeed, these nanohybrids are
especially interesting because of their distinct optical proper-
ties. In addition, these materials have demonstrated several
applications, including protein sponge® and imaging-guided
tumor diagnosis,* killing or damaging cancer cells,**>** drug
loading efficiency, NIR light-triggered drug release and biolog-
ical imaging, controlled molecule release,*® molecular capture
or blockage® and SERS effect."*'* Moreover, there are other
AuNR@MOF nanohybrids that have potential applications in
areas such as catalysis,*® photocatalysis and nanomedicine***
and synthesis of new MOFs around AuNRs.*>*®

In general, the synthetic methods to encapsulate NPs by
MOFs can be classified into three strategies: (A) preformed NPs
are then coated with a MOF around (Fig. 1A), (B) NPs are grown
inside a preformed MOF (Fig. 1B and C) NPs and MOF are
grown at the same time, where NPs generally remain embedded
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Fig. 1 Schematic of the strategies for obtaining NPs surrounded by
MOFs. (A) NPs which are subsequently covered with a MOF shell. (B)
NPs growing inside a preformed MOF. (C) NPs and MOF growing at the
same time.
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within the MOF (Fig. 1C).*” Besides, the number of NPs
embedded within a MOF is relative and will basically depend on
the properties of the precursors and the synthesis methodology
in general.

For the preparation of AuUNR@MOF nanohybrids, AuNRs
must be functionalized with a surface ligand, by a self-
assembled monolayer (SAM), or surrounded by the combina-
tion of a mesoporous nanostructure shell, also known as MN
shell, and a SAM, before initiating the MOF synthesis, facili-
tating, and allowing the initiation of its growth. As mentioned
before, MOF structures are synthesized by the combination of
linkers and either metal ions or preformed clusters. It is said
that, to help the formation of the MOF around the AuNRs, it is
convenient to generate the MOF using clusters, since the cluster
is preformed, introducing less steps in the MOF growth.
However, the linker can also be added in the form of a salt,
which could allow a faster interaction with the metal center to
be used and avoid agglomeration, controlling the reaction
medium charge, thus stabilizing MOF growth synthesis.*®

Based on the above, we present an exhaustive analysis of the
role of the training components and the different methodolo-
gies such as layer-by-layer (LbL), microwave, solvothermal or
stirring techniques used to synthesize AUNR@MOF hybrid
nanostructures following the general strategy A, considering
that the synthesis of the AuNR with a rod-like morphology
occurs before coating it with the MOF. In addition, we
summarize their applications, which have been used mainly in
biology due to the complementary properties of AuNRs and
MOFs.

2 Synthesis of AuNRs

The synthesis of AuNRs has been reported to involve seed-
mediated growth. The seeds are obtained from an aqueous
solution of chloroauric acid (HAuCl,) in the presence of a strong
reducer such as sodium borohydride (NaBH,), capable of
reducing Au®* to Au®.*® In addition, the presence of a cationic
surfactant such as hexadecyltrimethylammonium bromide
(CTAB) is important because it helps to stabilize the seeds
preventing aggregation once they are formed in the solution.
Once the precursor seed solution is obtained, a part of this is
added to the growth solution. This solution contains: (i) HAuCl,
that induces seed growth, (ii) a weak reductant, which is nor-
mally ascorbic acid (C¢HgOg), (iii) a silver salt such as silver
nitrate (AgNO;) and (iv) the seed solution previously prepared.
In the presence of CTAB, CsHOg present in the growth solution
reduces Au** to Au'*. When the Au® seed solution is added to
the growth solution containing Au'*, this last one can be
reduced due to the transfer of electrons from the surface of the
Au’ seeds.®

2.1 Growth mechanism of AuNRs

This plasmonic nanoparticle consists of a 3D morphology based
on a pentagonally twinned prism, where each end of the rod is
capped with five triangular faces that are Au {111}. The sides of
the rods are not as well-defined; either the Au {100} or the Au
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{110} face, or both (Fig. 2A). Another important factor to high-
light is that the growth occurs in the [110] direction (Fig. 2B).

It is proposed that the formation mechanism of rods
proposed induces preferential binding of the CTAB tri-
methylammonium head groups to the {100} faces of Au existing
along the sides of rods, as compared to the {111} faces at the
tips. In the growth process, CTAB coats the AuNR in a bilayer
fashion with the head groups of the first and second monolayer
facing and opposite to the Au {100} faces mainly, respectively.*®
Besides, the presence of AgNO; in the growth solution helps to
control the AuNR morphology by increasing its proportion, that
is, it improves the performance in percentage of the AuNRs.?
One of the explanations for the role of silver salt in controlling
the plasmon morphology is based on the preferential growth of
some directions over others. When silver ions are present, they
combine bromide ions from CTAB to generate AgBr, which
binds to the growth surfaces of the AuNRs, catalyzing the
elongation process in the [110] direction of the plasmon and
increasing the aspect ratio.** It is important to mention that the
seed-mediated silver-assisted AuNR synthesis is the most well-
developed, scalable, and tunable method to date. In addition,
there are undoubtedly other species on the AuNR surface that
are formed during the synthesis, which have been described by
Murphy and collaborators in detail.>

The articles related to the formation of AUNR@MOF*31435-16
nanohybrids do not necessarily use the same weak reducer for
the AuNR synthesis, and CgHgOg'*'****»***¢ and hydroquinone
(C¢Hg0O,)*¢ are the ones that have been used. Moreover,
a strong reducer (NaBH,), surfactant (CTAB) and silver nitrate
(AgNOs3) can be found in different concentrations according to
these research works (Table 1), which influences the size of
AuNRs.
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Fig. 2 Representation of (A) Au faces and (B) the influence of CTAB
and AgBr on the growth of AuNRs in the [110] direction.
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Table 1 Summary of AgNOs concentration and AuNR size generated
in the synthesis

AgNO; [mM] AuNR size (length x width nm) Ref.
10 86+ 16 x 23 + 3 36
10 67+9x18+4 35
4 - 42
4 47 x 12 44
4 ~ 56 X ~ 13 37
_ b _ b 39
4 > 38
4 b 11
10 > 13
b 4+8x10+1 14
4 b 40
0.06 ~ 40 x 10 45
10 b 46°

“ In the preparation of Au seed, not only HAuCl, and NaBH, are used
but also trisodium citrate (Na;C¢HsO,) which acts as a capping agent
and thus restricts particle growth. For the preparation of growth
solution, HAuCl, and CTAB are used, but acetone and cyclohexane are
also added. The role of acetone is to loosen the micellar framework,
and cyclohexane is necessary for enhancing the rod-like micellar
structure. Another interesting factor is that CTAB was added as a solid
in the preparation of the two solutions, i.e., seed and growth solution.
The details of synthesis are explained in the work carried out by Jana
et al.** ® Not reported.

Based on the above, the synthesis of AuNRs has the advan-
tage of being able to modify the rod size using the same starting
reagents. However, it has disadvantages as well, as it is generally
sensitive to changes in reactant concentration, temperature,
reaction times, and inadequate stirring speeds.® This can affect
optimal production, possibly leading to agglomeration and/or
decomposition.

2.2 Characterization techniques

Through the UV-vis absorbance spectroscopy, it is possible to
observe that AuNRs absorb in two wavelength ranges, around
~500 nm and ~1200 nm,35 corresponding to the transversal
and longitudinal plasmon bands, respectively (Fig. 3A).
However, their values will depend on their chemical environ-
ment that can be affected by a surfactant, organic ligand or
a MOF on the plasmon surface, shifting (towards the near- or
far-infrared region), intensifying and/or broadening the plas-
mon absorbance.**® After excitation, AuNRs disperse energy
and/or emit it in the form of heat. Using powder X-ray diffrac-
tion (PXRD), it is possible to confirm the formation of AuNRs
through their characteristic diffraction planes. In the diffrac-
tion pattern of AUNR@MOF nanohybrids, more and new planes
can be observed due to the chemical environment generated by
MOFs around the plasmon (Fig. 3B). Another characterization
technique used for AUNR@MOF nanohybrids is the {-potential,
which allows us to know the superficial charge, which depends
on the surfactant or surface ligand around the Au, to give an
example (Fig. 3C). Transmission electron microscopy (TEM)
(Fig. 3D) and scanning electron microscopy (SEM) techniques
can give us a value of the transversal and longitudinal sizes of
AuNRs,* in addition to allowing us to observe their

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 AuNR characterization techniques that together allow us to
unambiguously confirm its formation and the effects of chemical
environment that modify the characterizations. (A) UV-vis spectra of
the AuNRs with MOF shells generated by LbL methodology. As layers
are added, the transversal plasmon intensity increases, while the
longitudinal plasmon shifts into the NIR region and broadness, as
indicated by the arrows. (B) PXRD patterns of MOF-coated AuNRs
(black) along with a AUNR (blue). (C) -potential of AUNR solutions with
various surface ligands, such as CTAB, (polyethylene glycol) PEG and
11-mercaptoundecanoic acid (MUA), which vary the value of the
surface charge around Au. (D) TEM images of AuNRs. Reproduced
from ref. 36. Copyright 2018 ACS Publications. (E) DLS graphic of
AuNR-CTAB (red line), AuNR-PEG (green line) and AuNR-PEG-D1 (D1
acts as the biorecognition peptide) (blue line). Reproduced from ref. 3.
Copyright 2020 MDPI.

morphology. Dynamic light scattering (DLS) technique allows
us to have these sizes too (Fig. 3E) but with less precision than
TEM or SEM.

3. Type of surface ligand or MN shell
used to synthesize AUNR@MOF
nanohybrids

To obtain AuUNR@MOF nanohybrids, it is necessary to cover the
AuNRs with surface ligands by SAM. The ligands used in the
construction of these nanostructures have terminal functional
groups adequate, on the one hand, to interact with the Au or Au-
MN shell, and on the other hand, to initiate the MOF growth
around the Au. The variety of surface ligands, their features
(molecular weight (M,,), structure, functional groups, etc.), and
reaction conditions that allow them to generate this dual
function are presented below.

3.1 HS-PEG

Osterrieth et al.** replaced the CTAB capping ligand by HS-PEG
(with M,, = 2000 g mol " and unspecified exposed termination)
(Fig. 4A) using a phase-transfer method.”® It is a simple and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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highly efficient protocol to transfer AuNRs from water to di-
chloromethane (DCM) organic solvent that contains HS-PEG
upon the addition of methanol (MeOH). The addition of
MeOH solvent that is miscible in both water and DCM is
necessary for efficient and spontaneous transfer. Owing to the
affinity of the thiol group for Au, the CTAB bilayer adsorbed
onto the Au surface after the synthesis was displaced by the HS-
PEG. The Au-S bond generated is covalent, since both elements
are soft (Pearson's Theory), that is why Au and ligands are
attracted to each other.>® PEG was expected to interact with the
Zr-based NU-901 MOF precursors due to its hard oxygen and
soft ethylene moieties.

3.2 HS-(CH,), CO-NH-PEG-OH

Khaletskaya et al.*® proposed a SAM with the HS-(CH,),-CO-NH-
PEG-OH ligand (M,, = 3317 g mol ") (Fig. 4B). Here AuNRs were
purified by centrifugation to remove excess CTAB and were
redispersed in water. The ligand was also dissolved in water,
sonicated, and mixed with a NaBH, reducing agent (possibly to
avoid Au oxidation). The mixture was sonicated again to prevent
ligand dimerization (PEG-S-S-PEG). The solutions of AuNRs and
PEG were mixed under vigorous stirring and sonicated. Excess
PEG molecules were removed by repeated centrifugation.
Besides, AuNRs functionalized on the surface with PEG
exhibited high stability and remained unaggregated. It is
postulated that PEG assembled with AuNR interacts through
hydrogen bonds with a subsequent attachment of amorphous
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Fig. 4 Self-assembly with various surface ligands on AuNRs to facili-
tate the MOF shell growth. The ligands or MN used to be functional-
ized with AuNRs to date are: (A) HS-PEG; (B) HS-(CH>), CO-NH-PEG-
OH; (C) MUA; (D) LA; (E) NPT (left) and MBA (right); (F) PVP; and (G)
MSN-COOH.
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alumina to the plasmon surface. Then there was a linker addi-
tion that has the objective of finishing generating the
[Al(OH)(1,4ndc)], structure around AuNRs, as will be explained
in detail later.

3.3 11-Mercaptoundecanoic acid (MUA)

(i) In a synthesis process used by Hinman et al.,*®* AuNR-CTAB
was initially washed with nanopure water by centrifugation to
remove CTAB, and then the first SAM with a HS-PEG (M,, =
5000 g mol ') was synthesized in nanopure water, with the goal
of transferring the AuNRs into an organic solvent without
causing particle aggregation. This ligand has a thiol group at
one end capable of chemisorbing to the Au surface. Afterward,
the excess of HS-PEG was removed by centrifugation with
nanopure water, and then the AuNRs were also self-assembled
with MUA (dissolved in the organic solvent ethanol (EtOH)) in
nanopure water. PEG ligands have a bigger size and more inter-
and intramolecular interactions than MUA, due to the less
dense layer on the Au surface.”” This leaves space for smaller
thiolate MUA ligands to bind to the AuNRs and form SAMs that
displace PEGs (which facilitates ligand exchange in the pres-
ence of EtOH avoiding aggregation) around Au. AuNRs that are
already functionalized with small thiolate ligands are not as
readily accessible for ligand exchange on the AuNR surface. In
order to leave the exposed end of the MUA with a negative
charge, i.e., COO™, a sodium hydroxide salt (NaOH) was added.
This allows the AuNR-MUA (Fig. 4C) to interact more easily with
the metal center to initiate in this case the Cu-based HKUST-1
(1) MOF growth in EtOH (organic solvent).

(if) In the Shang et al.** strategy, CTAB ligands on the surface
of the AuNRs were directly exchanged for MUA. Initially, the
AuNRs were concentrated by centrifugation. Then, the super-
natant was removed, and water was added to prepare an ultra-
sonic dispersion. Next, water and MUA (in an EtOH solution)
were added to the Au dispersion without passing through a PEG
ligand. The mixture was sonicated and incubated at room
temperature (r.t.) with the AuNRs. The solution was centrifuged
to collect the MUA-capped AuNRs. It not only gives rise to MUA
assembled with AuNRs, which then is going to interact with the
metal center and linker, respectively, to generate the Fe-based
MIL-88 (A) MOF, but also eliminate the cytotoxicity of the
surfactant.

(iii) In one of the works of Sugikawa et al.** the replacement
of CTAB for MUA was carried out by adding MUA (in EtOH
solution) to CTAB-capped AuNRs under ultrasonication at 30 °C
and then the pH was adjusted to 11.3 with aqueous NaOH
(generating COO™ at the exposed end of MUA to prevent
aggregation). The obtained MUA-capped AuNRs showed a blue
shift of the longitudinal surface plasmon band by absorbance,
which is due to the change in local refractive index produced by
MUA capping. After SAM, the Zn-based MOF (1) shell was
synthesized around MUA-capped AuNRs.

(iv) In another work of Sugikawa et al.'* the CTAB-capped
AuNR solution was centrifuged, and the supernatant was
disposed to remove the excess of CTAB. The CTAB-capped
AuNRs was redispersed in water and centrifuged again. After

798 | Nanoscale Adv., 2026, 8, 794-810
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removal of the supernatant, water and MUA (in EtOH solution)
were added. The mixed solution was kept under constant
sonication and then incubated at r.t. The solution was centri-
fuged to collect MUA-capped AuNRs to then use it to initiate the
growth of MOF-5 also based on Zn as the metal center.

3.4 Lipoic acid (LA)

To synthesize the nanoparticle-induced heterogeneous nucle-
ation, Zeng et al***° in two different studies functionalized
AuNRs with LA using the same methodology. At first, the ob-
tained AuNRs were centrifuged followed by washing with water
to remove excess CTAB surfactants. After discarding the
supernatant, the AuNRs were redispersed in water. LA in EtOH
and a HS-PEG (with size and exposed termination unspecified)
to avoid aggregation were added to the Au dispersion under
gentle stirring and left to react at r.t. After that, excess of LA and
HS-PEG ligands were removed by repeated centrifugation. The
LA ligand has the particularity of having a S-S bridge contained
in a pentacycle that is part of its structure, and in the reaction,
a self-assembled monolayer of LA was formed on the Au surface
with two Au-S covalent bonds (Fig. 4D).>® After the functional-
ization, LA-capped AuNRs possess high physical-chemical
stability, which can be used as the core for heterogeneous
nucleation where the porphyrin MOFs, MOF (2)* and MOF (3),*
grow (both based on Zr and porphyrin as linkers), due to the
coordination interactions between the LA carboxyl groups
around the AuNR and the MOF metal nodes.

3.5 2-Naphthalenethiol (NPT) and 4-mercaptobenzoic acid
(MBA)

In this work, He et al.*® reported a facile strategy that controls
the growth of the ZIF-8 (1) MOF on the surface of AuNRs
(purchased) in a colloidal solution at r.t. The selective growth
was driven by surface functionalization of AuNRs via competi-
tive ligand adsorption. The NPT and MBA ligands (Fig. 4E), both
of which possess a thiol group with strong affinity to Au,***
were used as competitive ligands to functionalize the surface of
AuNRs. Apparently, the competition between these two ligands
and their assembly on the surface of Au due to the different w-m
stacking® is critical for the MOF selective growth. However, it is
difficult to identify the phase segregation of these two ligands
on the surface of AuNRs, as the ligand molecules are so small,
and their chemical structures are quite similar to each other. It
is important to note that the absorption of metal ions from the
MOF only interacts with the MBA ligand, since it is the only one
that has an exposed COOH group; therefore, the way the MOF
structure surrounds the AuNR will depend on the proportion
used for these two ligands in the reaction with Au.

3.6 Polyvinylpyrrolidone (PVP)

(i) Zhou et al.* proposed the PVP as a surface ligand covering
AuNRs, and this product was prepared in deionized (DI) water
overnight at r.t. However, the PVP-coated AuNR was then added
to a N,N-dimethylformamide (DMF) solvent, because it exhibi-
ted high sterical stability, so it remained well dispersed. This
ligand is electron-rich and is easily functionalized onto a Au

© 2026 The Author(s). Published by the Royal Society of Chemistry
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metal surface through the electronic pair of oxygen of the
carbonyl group belonging to the pyrrolidone ring®* (Fig. 4F). It
was suggested that the PVP layer on the AuNR surface not only
stabilizes the nanoparticles, but also interacts strongly with
metal nodes via coordination interaction for subsequent
nucleation and growth of porphyrin MOF (4) shell (based on Zr
and porphyrin). To confirm this, free PVP was added into the
reaction solution in a control experiment. The results indicated
that only some nanoparticles were coated with a MOF shell, and
there were three types of NPs in the final reaction mixture: (i)
MOF nanorods, (ii) AuNRs, and (iii) AuUNR@MOF. It demon-
strated that the interaction between the PVP-coated AuNRs and
metal nodes was inhibited by the competitive binding of free
PVP.

(if) Turner and Murphy* also used a PVP ligand that helps
promote the growth of the ZIF-8 (2) MOF shell through its
adsorption with the metal ions of the MOF. During the
synthesis, AuNRs were stirred gently in nanopure water. Next,
PVP in MeOH was prepared and added into a flask with Au and
the solution was stirred gently again. The AuNRs were purified
by centrifugation and were redispersed in MeOH. The PVP-
capped AuNRs were then used as a basis for the growth of the
MOF shell.

(iii) Li et al.** CTAB-stabilized AuNRs were centrifuged to
precipitate them. After removing supernatant, a MeOH solution
of PVP was added into the AuNR suspension and sonicated into
a homogeneous solution following stirring at r.t. Then, the PVP-
stabilized AuNRs were collected by centrifugation and the
sample was redispersed in MeOH. AuNR surfaces were
exchanged with PVP to avoid the possible toxicity of cationic
CTAB on cells and tissues, considering the application focus
(killing or damaging cancer cells) once the desired hybrid
nanosystem is generated and, because its good adsorption on
AuNRs makes the ZIF-8 (3) MOF grow around Au. All the above-
mentioned ZIF-8 MOFs are based on the Zn metal center and
methylimidazole as linkers.

(iv) In the work carried out by Liu et al.*® the plasmon was
encapsulated alone in a single copper oxide (Cu,O) shell. In
a typical synthesis, the NP stabilizer PVP (M,, = ~55 000) was
fully dissolved in a copper nitrate (Cu(NOj3),) aqueous solution
under vigorous magnetic stirring. Then a AuNR solution was
quickly injected, followed by the immediate introduction of
a hydrazine hydrate (N,H,-H,0) aqueous solution, a reducing
agent that was probably added to prevent Au oxidation. Typi-
cally, the color changes to greenish yellow, indicating the
formation of the Cu,O shell. The reaction mixture was kept
stirring, and the product was collected by centrifugation.
Subsequently, the AuNRs were washed with EtOH and DI water
to remove excess PVP, redispersed in benzyl alcohol (BnOH),
and stored in a refrigerator at 4 °C. Apart from keeping the
AuNRs protected from possible aggregation and dissolution in
the reaction solution directing the growth of HKUST-1 (2) MOF
crystals, the Cu,O shell causes a gradual release of Cu®>" metal
ions during the MOF synthesis acting as metal ion source. It is
known that Cu,O nanocrystals can undergo oxidative dissolu-
tion in a mildly acidic solution following the pathway 2Cu,O +
0, +8H" — 4Cu®" + 4H,0,% a condition that can be achieved by
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partial dissociation of the linker used later to synthesize the
MOF structure. It is important to mention that the thickness of
the Cu,O shell could be tuned by adjusting the Cu(NOj3),
concentration. Furthermore, multiple NPs can be encapsulated
in a single Cu,O shell which is an advantage.

3.7 Shell of SiO,

According to a published article by Guo et al.*” the AuNRs was
initially capped with a mesoporous silica nanostructure (MSN).
It was synthesized by an oil-water biphasic reaction approach.
Typically, a cetyltrimethylammonium chloride (CTAC) surfac-
tant was used to avoid aggregation,®® and tetraethylammonium
(TEA) was dissolved in DI water and also mixed with a AuNR
suspension in water. The reaction solution was stirred at 60 °C,
followed by the addition of 3-(mercaptopropyl)trimethoxysilane
(MPTMS) in an EtOH solution. Afterward, tetraethoxysilane
(TEOS) dissolved in cyclohexane (C¢H;,, immiscible with water)
is slowly added to the upper layer of aqueous solution and
reacted at 60 °C. Finally, the AuNR-MSN obtained was washed
by centrifugation. The surfactants were removed by repeated
reflux in an EtOH-HCI solution at 70 °C. To prepare the AuNR
surrounded by the MOF, the AuNR-MSN was first reacted with 3-
aminopropyl triethoxysilane (APTES) in EtOH to obtain AuNR-
MSN-NH,, and then it was dispersed in dimethyl sulfoxide
(DMSO) and reacted with maleic anhydride (C,H,0;) to
generate AUNR-MSN-COOH, which was collected and purified
by centrifugation (Fig. 4G). The metal source initially added
allows the start of growth of the Fe-based MOF (5) interacting
with the COOH group exposed. Unlike silica (Si), MOFs have the
advantages of being biodegradable,®””® which is favorable in
nanomedicine, also have lower toxicity although this varies
depending on their chemical composition and their physical-
chemical properties, including their colloidal and chemical
stability’* and can adsorb a wide variety of species between their
nanopores, giving way to diverse applications.

4. MOF growth methodology around
AuNRs

Once the AuNR is capped with a surface ligand, the growth of
the MOF is generated by adding a metal center and a linker. To
produce a AuNR@MOF nanohybrid following the general
strategy A (Fig. 1), different synthetic methodologies have been
carried out, including LbL, microwave, solvothermal and stir-
ring at r.t. or stirring with temperature (Fig. 5).

Additionally, it has been found that the addition of an
appropriate amount of a modulator (e.g., acetic acid, amino
acids, and benzoic acid) can influence the formation of its
crystalline structure.”””® Hence, the addition of some types of
modulators is common. Below we show in detail the synthesis
conditions, synthetic methodologies, and morphology charac-
teristics of the MOF shells around the AuNRs (Table 2).

4.1 Layer-by-layer (LbL)

4.1.1 HKUST-1 (1). The Cu(OAc), metallic source added
acts as a Paddle wheel once it interacts with exposed end COO™
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Fig.5 Schematic of the MOF growth methodologies for the formation
of AUNR@MOF nanohybrids.

of MUA, allowing the formation of the first 1 layer of the MOF by
the LbL methodology in an EtOH solvent at r.t.*

Then the conjugate base of the 1,3,5-benzenetricarboxylate
(BTC) organic linker was added into an EtOH solution, that is,
a tetramethylammonium salt of 1,3-benzenetricarboxylate
(TMABTC, Fig. 6A), which gives negative charges to BTC (Fig. 7),
thus completing the first layer. During this synthesis, it has
been shown that controlling the surface charge during
synthesis can prevent aggregation. Centrifugation must also be
controlled during washing, since if too much speed is applied,
aggregation can occur. Here 24 layers were obtained in total,
resulting in a MOF thickness of 6.1 £ 0.8 nm, which covers the
AuNRs (Fig. 8A).

As this method deposits the components of the MOF in
a truly LbL fashion, it allows for subnanometer control over the
shell thickness. Along with, it was demonstrated that in order to
synthesize MOF shells, it was crucial to functionalize the
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surface of AuNRs with ligands onto which the MOF precursors
adsorb strongly.

4.1.2 Fe-based MOF (5). Nanohybrid AuNR-MSN-MOF was
also prepared by the LbL growth method.*” First of all, AuNR-
MSN-COOH was washed and dispersed in DI water by

Table 2 Morphology characteristics around AuNRs reported in the construction of AUNR@MOF nanohybrids

MOF name” MOF thickness (nm) Pore size (nm) Ref.
HKUST-1 (1) 2,3,4,5,6 b 36
MOF (5) - —b 37
[Al-(OH)(1,4-ndc)], b —b 38
MOF (2) 8.2 + 2.3 (4 h) 14.8 + 1.6 (6 h) 1.6 + 0.3 39
MOF (3) 81423 (4h)13.2+1.6(6h) 1.6 £ 0.3 40
NU-901 —b b 41
MIL-88 (A) —b —> 42
ZIF-8 (1) - —r 43
ZIF-8 (2) 39 + 8 end x 43 + 6 side 1.1, 1.5 and 2.8 35
ZIF-8 (3) b 1.74 44
MOF-5 b 0.417 14
MOF (4) 40 to 80 1.2 and 3.0 45
HKUST-1 (2) = - 46
MOF (1) - —b 13

“ Articles that presented the same names of MOFs are listed with different numbers in parentheses to distinguish each of them. ® Not reported.
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Fig. 8 Schematic of the growth of MOFs on AuNRs. TEM image of: (A)
AuNR@HKUST-1 (1)-coated AuNRs after 24 layers. Reproduced from
ref. 36. Copyright 2018 ACS Publications. (B) AuNR@[Al-(OH)(1,4-
ndc)l,. Reproduced from ref. 38. Copyright 2013 ACS Publications. (C)
AuNR@MOF (2) collected after 4 h (C1) and 6 h (C2) of reaction.
Reproduced from ref. 39. Copyright 2017 ACS Publications. (D)
AuNR@MOF (3) collected after 2 h (D1), 4 h (D2) and 6 h (D3) of
reaction. Reproduced from ref. 40. Copyright 2018 Wiley Online
Library. (E) AuNR@NU-901. Reproduced from ref. 41. Copyright 2019
ACS Publications. (F) AUNR@MIL-88 (A) Reproduced from ref. 42.
Copyright 2017 Wiley Online library. (G) AUNR@ZIF-8 (2). Reproduced
from ref. 35. Copyright 2021 ACS Publications. (H) AUNR@MOF-5.
Reproduced from ref. 14. Copyright 2013 ACS Publications. (I) Yolk-
shell AUNR@HKUST-1 (2) petalous heterostructure. Reproduced from
ref. 46. Copyright 2014 ACS Publications. (J) AUNR@MOF (1). Repro-
duced from ref. 13. Copyright 2011 ACS Publications.

ultrasound. Then, a FeCl; solution was added dropwise under
ultrasonic conditions and the mixture was further stirred at r.t.
The solution of Fe*" coordinated with AUNR-MSN-COOH was
collected and washed by repeated centrifugation. Subsequently,
the above-mentioned product was dispersed in an ethanol
solution containing BTC and the reaction was continued at r.t.
before centrifugation and washed to collect the product. Unlike
the previous example (Fig. 6A), in this synthesis the BTC linker
(Fig. 6B) is not found in salt form at the time of adding the
metallic source, in this case the Fe;*, which does not prevent
subsequent interaction with this metal.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Next, hyaluronic acid (HA) was completely dissolved in
water, into which the previously obtained nanohybrid was
introduced and reacted overnight, to improve its
biocompatibility.

After repeated centrifugation steps, the HA-wrapped AuNR-
MSN-MOF was obtained and denoted as AuNR-MSN-MA. After
three repeated MOF (5) growth processes, the AUNR-MSN-MOF
was obtained and purified by centrifugation.

4.2 Microwave

4.2.1 [Al(OH)(1,4-ndc)],. Here an amorphous alumina layer
was deposited onto the AuNR-S-(CH,),CO-NH-PEG-OH surface
by a sol-gel process.*® Initially, the PEGylated AuNRs contained
in water were mixed with a dry ethanolic solution of aluminum-
tri-sec-butoxide  (A[OCH(CH3)C,Hs];) as an aluminum
precursor. Mineral polymerization was initiated by the addition
of a small amount of water, which led to AuNRs embedded
within a hydrated amorphous alumina matrix. Notably, no well-
defined core-shell AuNR@alumina nanostructures
observed on TEM pictures (superimposed in Fig. 8B), but it was
believed that the irregular alumina coating observed on these
pictures was an artifact originating from the preparation of the
TEM grids. Indeed, at r.t. and under the experimental condi-
tions, the amorphous alumina produced in a water/EtOH
solution is most probably composed of soluble aluminum
hydroxide oligomers attached to the PEG chains through the
formation of a hydrogen-bonding network between the ethylene
oxide units of the PEG chains and the hydroxide groups of the
alumina species.”* Consequently, the observed irregular
alumina coating likely originated from the collapse and further
condensation of the soluble alumina species during the drying
step of TEM grid preparation. Then, the linker 1,4-
naphthalenedicarboxylic acid (1,4-ndc, Fig. 6C) was added to
the freshly washed AuNR®@alumina suspension, and the
resulting mixture was treated under microwave conditions at
180 °C within 60 s generating a MOF (which in some articles is
also called porous coordination polymer (PCP)) nucleation on
the AuNR surface. This resulted in the formation of discrete
particles with well-defined core-shell composites called AuNR
[Al(OH)(1,4-ndc)], (Fig. 9). Thus, the surface of AuNRs acts as
a starting point for the MOF heterogeneous nucleation.

The utilization of alumina-modified AuNRs as reactive seeds
was the key point to precisely controlling the localization of
MOF crystallization onto the Au surface. This strategy directly
derives from a dissolution-recrystallization process, called
coordination-replication, which was established in a previous
study for the formation of MOF architectures.”

This process was based on the pseudomorphic replacement
of a metal oxide phase that is out of equilibrium by a more
stable MOF in the presence of a multitopic organic linker. The
preservation of the shape and dimension of the phase was
guaranteed by a precise coupling between kinetics of the metal
oxide dissolution and kinetics of MOF crystallization.

If we compare this microwave methodology with the
previous LbL, we can see that the reaction time to generate the
MOF around the plasmon is noticeably shorter (which means

were
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Fig. 9 Schematic of the synthesis of AUNR@[Al(OH)(1,4-ndc)],, core—
shell composites. Reproduced from ref. 38. Copyright 2013 ACS
Publications.

that it is less laborious), considering that the LbL methodology
can last for days, which will depend mainly on the incubation
time and washed after adding the linker and the metal center
and, the thickness of the MOF that is intended to be obtained,
taking into account that with this methodology there is
a control of the thickness, which will depend on the number of
layers to be generated.

4.3 Solvothermal

4.3.1 Porphyrin MOF (2). A porphyrin MOF was fabricated
by a solvothermal method using the AuNR surface carboxylated
by SAM with LA as crystal nuclei. In this synthesis process, the
modified-AuNR was dispersed in DMF by sonication and
ZrOCl,-8H,0 was added. The mixture was heated to 90 °C.
Then, tetrakis(4-carboxyphenyl)porphyrin (TCPP, Fig. 6D) and
benzoic acid* were added and stirred at 90 °C. After the reac-
tion finished, the composites were collected via centrifugation
followed by washing with DMF, triethylamine in EtOH, and
EtOH successively. The nucleation and controllable growth of
MOFs on the AuNR nanostructure surface can be driven by the
coordination interactions between functional groups of the
nanostructure surface and Zr nodes (generated in the reaction
once the metal source ZrOCl,-8H,0 was added). It was
confirmed that porphyrin MOF surrounds the AuNR surface
using TCPP as the organic linker and Zr*" as the metal node
under solvothermal conditions (Fig. 8C). Moreover, the local-
ized MOF nucleation growth on the surface of AuNR can be
controlled by the reaction time, leading to the formation of well-
defined core-shell composites. In fact, the TEM image of
AuNR@MOF shows that the thickness of the MOF shell was
about 8.2 + 2.3 nm after the MOF-formation reaction time at 4 h
(Fig. 8C1). Increasing the reaction time to 6 h gave rise to
a thickness of 14.8 + 1.6 nm (Fig. 8C2).

4.3.2 Porphyrin MOF (3). First, functionalized AuNRs were
washed twice with DMF to remove water. Functionalized AuNRs
were suspended in DMF and then mixed with a TCPP tetratopic
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linker, benzoic acid and ZrOCl,-8H,0. The mixture was stirred
at r.t. and then heated to 90 °C. After cooling down, the core-
shell composites were collected via centrifugation followed by
washing with DMEF, triethylamine in EtOH, and EtOH succes-
sively. Localized MOF nucleation growth on the surfaces of
AuNRs leads to the formation of the core-shell composites. The
chosen porphyrinic MOF is Zrs(TCPP), 5, which is composed of
a 6-connected Zr cluster (ZrsO,(OH),(H,0)s(OH)6(COO0)e) and
a tetratopic linker.*” Additionally, the thickness of the MOF
shell on the surfaces of AuNRs can be controlled by the MOF
growth time at 2, 4 and 6 h of reaction (Fig. 8D1-8D3).

Like the LbL methodology, the solvothermal methodology
also allows the thickness of the MOF to be controlled around
the plasmon, which depended on the reaction time. Like the
microwave reaction, these have required less synthesis time
compared to the LbL ones, which represents an advantage.

4.4 Stirring

4.4.1 NU-901. After obtaining the AuNRs, core-shell crys-
tallites were synthesized (Fig. 8E) following a two-step proce-
dure adapted from Noh et al.*’® Here, Zr clusters were first
formed at high temperatures and then isolated. It is composed
of 8-connected Zrg(p3-0)4(p3-OH),~(H,0),4(OH),. The isolated
clusters were dispersed in a mixture of DMF and acetic acid. The
stabilized PEG-AuNRs were added to this suspension (Fig. 10),
resulting in a deep red mixture of DMF and acetic acid. Next,
under vigorous stirring, the tetratopic linker 1,3,5,8-(p-
benzoate)pyrene (H,TBAPy) (Fig. 6E) was added in DMF. A dark
red precipitate formed was removed by centrifugation, washed
extensively using DMF, and solvent-exchanged to ketone.

Initial attempts to create core-shell structures using PVP-
capped AuNRs, with a more conventional NP@MOF encapsu-
lation agent,”” were unsuccessful and resulted in AuNR aggre-
gation outside the NU-901 crystallites. Similarly, AuNRs
functionalized with MUA aggregated during the synthesis and
were not encapsulated by the MOF. It is suggested that the
PEGylated AuNRs generate the MOF growth, presumably due to
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Fig. 10 Interactions between PEG surrounding the AuNR and MOF
precursors, which are Zr-cluster (calypso) and H,TBAPy-linker (gray).
Reproduced from ref. 41. Copyright 2018 Wiley Online Library.
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interactions (dispersion forces, dipole-dipole interactions, etc.)
between the MOF precursors and PEG due to its hard oxygen
and soft ethylene moieties. These interactions may increase the
local concentration of the precursors on the surface of the
AuNRs, making a nucleation event kinetically more favorable.
The model has two additional features in the nucleation and
growth phase: (i) favorable interactions between the PEGylated
AuNRs and the MOF precursors, which lower the nucleation
threshold locally on the AuNRs, and (ii) at a critical low
concentration of H,TBAPy during the growth phase, the
topology changes from scu-topology NU-901 to csq-topology,
resulting in the less dense NU-1000 structure. In both struc-
tures, the Zr-clusters have 8 loosely H,O/OH-coordinated sites
as possible catalytic centers.

4.4.2 MIL-88 (A). Ionic liquid/microemulsion was used to
encapsulate the COOH-terminated AuNRs as the core and
control the growth of the MOF. The MOF-optimized synthesis
was performed as follows: first, a mother MOF solution was
prepared with FeCl;-6H,0, a fumaric acid linker (Fig. 6F)*
dispersed in an emulsion of PEG (M,, = 3500 g mol '), 1-butyl-3-
methylimidazolium hexafluorophosphate (BmimPFg) and DMF.

The mixture was subject to vigorous magnetic stirring at r.t.
for homogenous dispersion. Then, the solution was heated to
80 °C and maintained at this temperature during the addition
of the COOH-terminated AuNRs. Next, the solution was quickly
cooled down until crystallization. The mixed solution was kept
under constant incubation, centrifuged and then washed with
EtOH and DI water. During the encapsulation of AuNRs with
ionic liquid/microemulsion, two AuNRs were supposed to be
assembled as the core in the microemulsion due to the intrinsic
property and the size of microemulsion, as well as the lower AG
that maintains the assembly of two AuNRs in the micro-
emulsion. Indeed, in this case, almost all the nanostructures
contained two AuNRs as the core. This nanostructure has a high
monodispersity and homogeneity and a well-defined star-like
morphology (Fig. 8F). These core-shell nanostructures were
synthesized through controllable growth of the MOF shell on
the surface of Au.

In order to improve the biocompatibility and stability of
MOFs, nanocrystals were modified with PEG chains (M,, =
3500 g mol ') having only one terminal reactive group
(carboxyl) after the synthesis process, leading to the formation
of a superficial PEG “brush” that protected the nanostructure
from aggregation. {-potential measurements clearly indicated
that neutral PEG chains were located on the surface of the
nanoparticles. The {-potential values of uncoated MIL-88 (—17
mV) were shifted to almost neutral values (—3 mV) in the case of
PEGylated MIL-88 (A). The nanostructure obtained after modi-
fication was called AuUNR@MIL-88 (Fe) (Fig. 11).

4.4.3 ZIF-8 (1). Zinc nitrate (ZnNO3) and 2-methylimidazole
(2-MIM) (Fig. 6G) were used as precursors for the growth of this
MOF on AuNRs self-assembled with NPT and MBA.** Interest-
ingly, for NPS@MOF, three types of structures can be obtained
in general, they are: (i) eccentric core-shell, (ii) Janus nano-
hybrids (absence of centro-symmetry demonstrates higher
diversity and complexity, particularly with Janus structures) and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(iii) concentric core-shell (uniform shell or granular domains in
colloidal systems)”®” (Fig. 12).

To synthesize eccentric core-shell Au-ZIF-8 nanohybrids, an
Au solution was concentrated by centrifugation. After the
removal of supernatants, the residual NPs were re-dispersed
into MeOH. MBA and NPT in MeOH, with a ratio of 1: 1, were
used as competitive ligands and added into the Au solution
under mild stirring. After the reaction, ZnNO; was added to the
solution. The above solution was stirred to make sure that Zn>*
ions adsorbed onto the surface of Au.

Subsequently, a 2-MIM linker in a MeOH solvent was injec-
ted into the mixture and the solution was stirred overnight. To
isolate the product, the reaction mixture was centrifuged and
the supernatant removed. The resulting nanohybrid particles
were dried in a vacuum oven overnight.

To prepare Janus AuNR-ZIF-8 nanohybrids, the amount of
ligands added into the solution was changed, so that the
mixture contains NPT and MBA in a ratio of 3: 1, respectively,
with all other conditions unchanged. Thus, the eccentric core-
shell and Janus nanohybrid structures, both with a hexagonal
morphology of the MOF, were a result of NPT and MBA
adsorption on AuNRs. As explained above, the MBA carboxylic
groups are exposed, which improves the hydrophilicity of the Au
surface. Consequently, the MOF metal precursors, Zn>" ions,
were fully adsorbed on the Au surface via electrostatic interac-
tion with MBA carboxylic groups. In contrast, Zn** ions were
unable to adsorb on the AuNR surfaces self-assembled with NPT
due to its high hydrophobicity after functionalization. It
explains why a more eccentric morphology is obtained upon
increasing the NPT concentration to a ratio of 3:1, forming
Janus nano-hybrids with AuNRs. Thus, the molar ratio of these
competitive ligands determines the morphology of these
nanohybrid products. In summary, the formation of eccentric
core-shell and Janus nanohybrids can be only achieved by
adding dual ligands with different surface affinities to the MOF
precursors.

4.4.4 ZIF-8 (2). The PVP-capped AuNRs were then used as
a core for the growth of MOF shell.*® Initially, PVP-capped
AuNRs were mixed with 2-MIM prepared in MeOH. The solu-
tion was stirred, and then, ZnNO;-6H,0 in MeOH was added.
Afterwards, the ZIF-8-coated AuNRs were centrifuged. The
resulting nanoparticles (Fig. 8G) were redispersed in MeOH as
well, washed again, and then slowly washed to help separate any
free MOF particles. The nanoparticles were stored in MeOH
until use. Turner and Murphy suggested that PVP helps
promote the growth of the ZIF-8 shell through its adsorption
with Zn ions that are part of the MOF metallic center.

NMOF
® e ® 5 Auseed used for Self-assembly
° .' ° | |
® o0 — —
.’ synthesis of Au nanorod Surface modification

Fig. 11 Schematic of the synthesis of AUNR@MIL-88 (Fe) nanostars.
Reproduced from ref. 42. Copyright 2017 Wiley Online library.
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Ecccentric core-shell

Concentric core-shell

Fig. 12 Schematics of the growth of different types of AUNR@ZIF-8
hybrid nanostructures determined by ligand competition: (A) eccentric
core-shell; (B) Janus nano-hybrids; and (C) concentric core—shell (it
was not synthesized in this study).

4.4.5 ZIF-8 (3). At r.t., PVP-stabilized AuNRs and 2-MIM
were mixed and stirred in a MeOH solution. Then, a solution of
Zn(NO3),-6H,0 in MeOH was added into the mixed solution.
Later, the final product was obtained by centrifugation, washed
with MeOH and dried at r.t.**

4.4.6 MOF-5. Interestingly, in this work, a supersaturated
mother solution of this MOF was first prepared. Samples of
phthalic acid (bdc) used as the linker (Fig. 6H) and Zn(NO3),-
-6H,0 as the metal center were thoroughly dissolved in N,N-
diethylformamide (DEF) with ultrasonication.* The solution
was heated to 90 °C and kept at this temperature until the
beginning of crystallization. The supersaturated mother solu-
tion was filtered and cooled down to r.t. MUA-capped AuNR was
added into this MOF mother solution, and the mixed solution
was incubated at r.t. The solution became cloudy after a few
minutes, suggesting the formation of MOF-5 crystals. We can
observe the TEM images of the AuUNR@MOF-5 nanocrystal
(Fig. 8H) and of various AuNRs within a cubic MOF crystal
(superimposed in Fig. 8H). The obtained nanocrystal was
collected by centrifugation, which was redispersed into organic
solvents such as DEF and DMEF. It should be noted that in the
stirring and LbL methodology, the MOF surrounding the plas-
mon was synthesized at r.t., which is an advantage since the
plasmon and the components chosen to form the MOF could be
unstable at high temperatures. Moreover, it is interesting that
this is the methodology with which the largest quantity of
AuNR@MOF nanohybrids have been synthesized.

4.5 Stirring and temperature

4.5.1 Porphyrin MOF (4). The growth of a MOF shell on
PVP-coated AuNRs was conducted at 90 °C in DMF, containing
PVP-coated AuNRs, TCPP, ZrOCl, - 8H,0, benzoic acid, and trace
amounts of water.* The resulting purple solids were collected
by centrifugation and re-dispersed in DMF. It was suggested
that the PVP on the AuNR surface not only stabilizes the NPs in
the growth solution, but also interacts strongly with Zr atoms in
Zres nodes via coordination interaction for subsequent nucle-
ation and MOF growth with rod-shaped morphology around the
AuNR, which was collected after 0, 4, 6, 8 and 12 min, and 3 h of
reaction.

4.5.2 HKUST-1 (2). The linker that causes the Cu,O shell
oxidative reaction leading to the gradual release of the Cu>*
metallic source is the BTC. In this synthetic approach, the linker
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also serves as the etching reagent in addition to being the linker
and the oxidizing species. In the synthesis process, BTC was
added into a mixture of BnOH and EtOH and then sonicated to
afford a homogeneous solution. Subsequently, AuNR@Cu,O
core-shell NPs were added to BnOH, thoroughly mixed by
shaking, and then allowed to react at 80 °C. The product was
collected by centrifugation, washed several times with MeOH,
and finally redispersed in the same solvent. In the process,
Cu,O0 shell encapsulates the plasmon during the synthesis into
Yolk-shell HKUST-1 (2) petalous heterostructures (Fig. 8I)
without aggregation owing to the low ionic concentration.*

4.5.3 Zn-based MOF (1). Initially, MUA-capped AuNRs
redispersed in DEF were mixed with DEF containing 4,4’-bi-
phenyldicarboxilate (bpdc) (Fig. 6I) and Zn(NO3),-6H,0 at 80 °C
(direct growth of Zn,O(bpdc);).* After incubation of the mixture
at 80 °C, the supernatant turned its color from purple to light
yellow, and purple cubic crystals were obtained. The crystal
morphology was characterized by well-defined cubic crystals
20-120 pm in width. The smooth crystal surface and the purple
color indicate that AuNRs were incorporated inside MOFs
because the virgin MOF was intrinsically transparent. The TEM
image of AuNR@MOF (1) showed that several partially aggre-
gated AuNRs (superimposed in Fig. 8]) were embedded homo-
geneously in a cubic MOF crystal (Fig. 8]).

As mentioned above, applying temperature to obtain Au
plasmon-based nanohybrids and MOFs can be a disadvantage.
However, it has been shown that this methodology also allows
controlling the thickness of the MOF by modifying the reaction
time, which can be an advantage depending on the desired
application of the nanohybrid.

In summary, the LbL methodology has some advantages over
others, and this is because there is a greater control over the
thickness of the MOF around NPs. The thickness of the coor-
dination polymer is an important factor since if the focus of the
application is to absorb or transport molecules or drugs, for
example, it could be convenient to generate a greater quantity of
nanopores that allow increasing their concentration if required.
Yet, it also has some disadvantages since it is a longer and more
laborious process because each time the metal center and the
linker are added, it is necessary to use an incubation period and
several washing processes to avoid the formation of MOFs apart
from the hybrid nanosystem. It is important to highlight that
the centrifugation speed and time must also be controlled
during washing to avoid aggregation. Besides, it is carried out at
r.t., which avoids possible aggregation and/or decomposition of
the nanosystem, for instance.

Although the other methodologies are normally faster and
less laborious, there is no greater control of the MOF thickness
and higher temperatures could also be required (depending on
the solvent to be used), which limits the reaction to using
components (e.g., NPs, source ligands, MNs, metal sources, and
linkers) that do not decompose at high temperatures.

5. AuNR@MOF applications

The characteristics of the AuNR and MOF together enable
AuNR@MOF nanostructures to be used in molecular and drug

© 2026 The Author(s). Published by the Royal Society of Chemistry
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uptake/release, NIR-triggered photothermal and chemotherapy
to damage cancer cells, biomedical imaging and detection of
analytes by SERS, to give some examples (Fig. 13). However, to
give them a particular application, there are important factors
to consider, among which are the following ones: (i) environ-
ment, (ii) MOF pore size, (iii) nanostructure size, (iv) biocom-
patibility and (v) biodegradability. These nanostructures are
more stable in certain solvents, temperatures, and pH than in
others, which will depend on the characteristics of AuNRs and
MOFs that surround it, which is very important if we intend to
use them in either in vivo or in vitro experiments, since they can
be exposed to aggregation or decomposition.

As is known, MOFs are coordination compounds character-
ized by being nanoporous, which allows them to accommodate
different guests (e.g., molecules, proteins and drugs). These
pores can be of different sizes, which is decisive when selecting
the type of guest that is intended to be accommodated between
them. Furthermore, the host functional groups can be decisive
to introduce guests into these pores, which will depend on the
affinity that the MOF components have for them. Moreover, the
AuNR@MOF size is relevant to biological applications, since
nano-scale sizes are ideal, so that they can interfere at the

Potential applications of nanohybrids or synthesis
of new MOF-based nanostructures
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cellular level, where the biocompatibility factor must also be
considered. It should be noted that another feature of MOFs is
that they can be biodegradable and, as has already been seen in
some of the examples, they can also be built with essential
metals, allowing toxicity levels to be reduced in biological
applications.

5.1 Photothermal effects

To investigate the photothermal effect of AuNR-MSN-MA on
cancer cell killing, murine breast carcinoma cell line 4T1 was
incubated with this nanohybrid and irradiated by NIR.*” At the
same concentration of the nanohybrid, the cell death rate
decreased with the increase in the power density of the NIR
laser. In contrast, no appreciable damage was observed for cells
exposed to NIR laser alone, suggesting the minimal side effect
of applied laser. The killing effect can also be enhanced when
the concentration of the nanostructure increases. In particular,
the relative cell viability was only 13.8% for cells treated with
200 pg mL~' AUNR-MSN-MA under laser irradiation. Therefore,
the results confirm excellent biocompatibility and biodegrad-
ability, so it can be concluded that it is a promising nano-
platform for biomedical applications.

Nanohybrids with applications
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Fig. 13 Schematic of the potential applications of AUNR@MOF nanohybrids, potential synthesis of new MOF-based nanostructures, and the

applications of AUNR@MOF nanohybrids that have been used to date.
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The doxorubicin hydrochloride (DOX, medicine for the
treatment of different types of cancer)-loaded AuNR-MSN-MA
(DOX@AuUNR-MSN-MA) was demonstrated with excellent
target ability toward cancer cells. Accordingly, upon NIR laser
irradiation, DOX@AuUNR-MSN-MA also displays outstanding
combined efficiency for killing the cancer cell in vitro and
suppressing the tumor growth in vivo. Furthermore, AuNR-
MSN-MA integrates tri-modal magnetic resonance/computed
tomography/photoacoustic (MR/CT/PA) imaging into a single
platform. The efficient in vivo MR/CT/PA imaging on tumor
model was confirmed.

The fabrication of the AuNR@|[AI-(OH)(1,4-ndc)],, composite
involves the use of AuNRs as an optical switch and a MOF for
controlled anthracene molecular release using NIR-light irra-
diation as an external trigger.*® In summary, here a strategy was
developed for controlling the molecular release from the MOF
pores by combining the loading and unique guest stabilizing
ability of the MOF with the photothermal properties of AuNRs.
The photothermal conversion ability of the AuNRs acts as an
optical switch that enables them to remotely release the guest
molecules adsorbed within the MOF pores through an increase
of molecular mobility. The release of anthracene under NIR
light irradiation demonstrated the efficiency of this new
molecular release system. This research also demonstrated the
method for incorporating the core-shell composites into
biocompatible polymethylglutarimide (PMGI) nanofibers
known to be good cell-culture scaffolds.** Along with it, this
system will offer the possibility to spatially control the molec-
ular release and to integrate them into biological systems for
future applications in the field of cell biology. Moreover, it can
be anticipated that these MOF-based composites will be used as
platform systems for the remote-controlled release of various
relevant bioactive molecules to chemically stimulate living cells.
The AUNR@ZIF-8 (3) nanohybrid** is a crystalline zeolitic imi-
dazolate framework-8 (ZIF-8), which covers a single AuNR core
for successful realization of synergistic photothermal and
chemotherapy triggered by NIR light. Under NIR laser irradia-
tion at 808 nm, these novel core-shell nanostructures show
potential for effective synergistic chemo-photothermal therapy
both in vivo and in vitro, confirmed by cell treatment and tumor
ablation via intravenous injection on the 4T1 cells. Impres-
sively, high DOX loading capacity followed by pH and NIR light
dual stimuli-responsive DOX release can be easily implemented
through the formation and cleavage of coordination bonds in
the system.

In the case of the AUNR@MOF (3) nanostructure,* it was
used as a delicate tunable core-shell composite which not only
possesses NIR-trigger drug release but also can improve the
drug loading efficiency, fluorescence imaging, reactive oxygen
species (ROS) production and photothermal activity to achieve
combined cancer therapy. It was further demonstrated that the
camptothecin (CPT, medicine for the treatment of few types of
cancers)-loaded AUNR@MOF nanohybrid shows distinctively
synergistic efficiency for damaging the murine breast tumor
4T1 cells in vitro and inhibiting the tumor growth and metas-
tasis in vivo. The development of this high-performance
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nanostructure will provide more perspectives for the design of
versatile nanomaterials for biomedical applications.

5.2 Biomedical imaging

The modified nanoparticles named AuNR@MIL-88 (Fe) served
as triple-modality imaging agents.”” These core-shell nano-
particles simultaneously possess CT imaging enhancement and
PA imaging optical properties and the T,-weighted MR imaging
property for in vivo and in vitro experiments. These nano-
particles exerted low cytotoxicity and showed high-
enhancement CT, MR, and PA imaging for in vivo studies of
gliomas in mice. Both CT and MR images showed a clear
structure with high depth of penetration. They further demon-
strated utility for PA imaging of gliomas with clear detection,
high spatial resolution, and high contrast. Remarkably, both in
vivo and in vitro experiments demonstrated that the MOF
exhibited high performance in various diagnosis and imaging
methods, especially potentially allowing decreased levels of
exposure of stroke patients to CT imaging radiation. Although
the research is still in its infancy, as demonstrated in this work,
researchers believe that it provides opportunities for advanced
triple-modality molecular imaging, from preclinical to clinical
investigation to determine timely diagnosis of gliomas in
patients.

5.3 Molecular adsorption

As AuNPs have become more common in many technological
sectors, much research has focused on the biological and
environmental fate of these materials.®*®* A more complete
understanding of how AuNPs interact with biomolecules and
individual cells is expected to inform our understanding of their
fate in entire organisms and ecosystems.***> Moreover, a deeper
understanding will greatly improve the design of NPs for ther-
apeutics, imaging agents, and other biologically relevant
applications. When colloidal nanomaterials are exposed to
a complex biological environment, they acquire biomolecules
on their surfaces to form the so-called protein coronas. Indeed,
porous nanomaterials such as MOFs offer the opportunity to
sequester biomolecules and/or control their surface orientation.
Hence, in the AuNR@ZIF-8 (2) nanomaterial study, it was
compared to ZIF-8 nanoparticles as potential protein sponges to
adsorb several common proteins such as lysozyme, beta-
lactoglobulin-A (BLG-A), and bovine serum albumin (BSA) and
potentially control their orientation on the surface. Of the three
proteins investigated, the smallest protein that was also elec-
trostatically favorable, BLG-A, was the most adsorbed to the
surface of ZIF-8. Nevertheless, AuUNR@ZIF-8 adsorbed a higher
amount of proteins than ZIF-8. For the set of proteins and
nanomaterials in this study, all protein-surface interactions
were exothermic, as judged by isothermal titration calorimetry.
Protein display at the surfaces was determined from limited
proteolysis experiments, and it was found that protein orien-
tation was dependent both on the nature of the nanomaterial
surface and on the nature of the protein, with lysozyme and
BLG-A showing distinct molecular positionings.**

© 2026 The Author(s). Published by the Royal Society of Chemistry
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5.4 SERS effect

The NP@MOFs provide a unique opportunity to harness the
optical properties of noble metal nanoparticles such as AuNRs
for integrated spectroscopy probes. Based on the above-
mentioned facts, the functionality of the AuNR®@NU-901
nanohybrid was demonstrated by using the AuNRs as
embedded probes for selective SERS, which enhances the
characteristic molecular Raman signal by multiple orders of
magnitudes.*"*%¥ This nanostructure was able to both take-up
or block molecules from MOF pores, thereby facilitating highly
selective sensing at the AuNR ends. In this investigation, the
SERS capability of AuNR inside the MOF crystallites was utilized
by infiltrating the MOFs with thiolated aromatic analytes such
as 4’-mercaptobiphenylcarbonitrile (BPTCN) and biphenyl-thiol
(BPT). The resulting spectra clearly contained both MOF peaks
and analyte peaks, indicating successful adsorption. As a nega-
tive control, the nanostructure was incubated with a bulky
polymer (thiolated polystyrene (PST-SH; M,, = 5000 g mol 1)),
which was subsequently blocked by the porosity of the MOF and
not detected by the AuNRs. This proof-of-principle work sets the
stage for both advanced MOF synthesis and embedded probe
spectroscopy using the AuNRs for selective SERS and provides
a new capability for MOF plasmonics.

It has also been demonstrated that the fabrication of the
AuNR@MOF (1)" composite crystals was successfully used for
monitoring in situ diffusion of DEF and trichloromethane
(CHCl3) guest molecules from MOF crystals by SERS. It was
hypothesized that this nanohybrid should be suitable for
studying the transport phenomenon in MOF nanopores, which
significantly contributes to its design function.

The AUNR@MOF-5 ref. 14 nanostructure was also used for
SERS applications. It was dispersible and stable in organic
solvents (DEF and DMF) and demonstrated to be a reproducible
SERS material for size-selective detection of some pyridine
derivatives, among which are pyridine (Py), 2,6-bi-
phenylpyridine (BPPy), and poly(4-vinylpyridine) (PVPy), as
analytes, in DMF. In this nanosystem, these derivatives were
proved to diffuse through nanopores of MOF-5 shells and
interact with the surface of AuNR encapsulated in MOF nano-
crystals. Small molecules such as Py and BPPy were able to
diffuse into the nanopore of the MOF-5 shell and interact with
the AuNR core. In contrast, the polymeric pyridine derivative,
PVPy, was unable to do so, and no SERS signals were detected.

5.5 Potential applications of nanohybrids or synthesis of
new MOF-based nanostructures

Hybrid nanostructures have also been synthesized, which have
not been used for any application; however, it is expected that
they may present potential applications in catalysis/
photocatalysis and nanomedicine, for example, and even open
the possibility of synthesizing new MOF structures around NPs
for future applications (Fig. 13).

In the case of the AuUNR@HKUST-1 (1) synthesized by LbL it
is expected that this nanostructure presents potential applica-
tions in detection and catalysis.*® Another example is the
AuNR@MOF (2) nanohybrid; in summary, it could have

© 2026 The Author(s). Published by the Royal Society of Chemistry
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potential applications in nanomedicine and photocatalysis.*
Moreover, the universal applicability of this strategy opens
access to diverse nanostructures surrounded by MOFs with the
property of the core nanostructures complementing the func-
tionality of the porphyrin MOF shell. The AuNR@MOF (4)
nanohybrid will find numerous applications in optoelectronic
devices, photocatalysis and nanomedicine.” Regarding the
AuNR@HKUST-1 (2), it is highlighted that given the various
studies on NP@MXxOy core-shells showed in this article, this
strategy may find its way to new structures, thus opening up
fascinating perspectives for the development of porous MOF
materials for future applications.*® The use of the AUNR@ZIF-8
(1) nanohybrid in a particular application has not been re-
ported; however, the capability to direct ZIF-8 growth by
controlling the ligand assembly on the metallic NP surfaces
opens new opportunities in the synthesis of MOF-based
complex nanostructures for different applications.*

As we have seen, these nanohybrids have applications
mainly in the biological field. The main advantages of using
them in this area are their nanoscale size, biodegradability and
biocompatibility. They enable controlled release of drugs, both
in vivo and in vitro in the case of cancer treatments, and the
release can be localized. Yet, these nanohybrids could produce
ROS, linked to genetic instability and cancer.***® Even though
nanohybrids have demonstrated good molecular adsorption
capacity that allows for high drug release capacity, the MOF
pore size and molecule volume will be key factors in avoiding
the limiting factors.

6. Conclusions and perspectives

Regarding the synthesis processes, it is indisputable that the
selection of the solvents plays an important role in the AuNR
synthesis, SAM process and MOF growth since they can
generate or avoid agglomeration. Based on the studies currently
carried out, the solvents mostly used in the formation of the
SAM between the AuNR and the surface ligand are water, EtOH
and MeOH. For the growth of the MOF, EtOH, DMF, water and
MeOH are used in almost all cases.

The surface ligands selected to functionalize Au are the ones
connected through Au-S covalent bonds, since they provide
great stability. Furthermore, the ligands used in these studies
can present important size differences, as is the case of MUA
and PEG, for example, but they are still feasible to obtain the
desired structure while protecting Au. However, the exposed
end of the ligands, not linked to Au, have in general a COOH
group that induces the MOF growth.

In addition, both the metallic centers and the carboxylic
acid-based linkers (di, tri or tetratopic) used for the formation of
MOFs are diverse, so they can be changed to obtain different
types of MOF shells. This reveals the potential in the various
types of applications that can be given to these coordination
polymers around AuNRs.

It has also been shown that the methodologies to be used to
generate the MOF shell, which surrounds the AuNRs, influence
the shape that the MOF acquires around it, since different
shapes can be obtained even using the same MOF components.
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Undoubtedly, the AUNR@MOF nanohybrid structures analyzed
in this study present quite defined morphologies and are also
diverse. Most of the morphologies of MOFs around the AuNRs
that were synthesized are rod-shaped and one is star-shaped.
Other MOF morphologies obtained were cube, hexagonal and
petal shapes, which presented greater thicknesses around the
AuNR. In addition, in the vast majority of nanohybrids a single
AuNR was obtained within the MOF crystalline structures.

In summary, different synthesis methodologies for AuUNR@:-
MOF nanohybrids have been established since 2018. These
nanohybrids have shown potential for use in several biological
studies due to the complementary properties of AuNRs and
MOFs. These nanoporous coordination polymers endow the
nanohybrid material with stability in different environments and
the nanosystems with multifunctional properties for drug
uptake/release and analyte detection by SERS.

In addition, potential applications in catalysis, photo-
catalysis, or optoelectronics, for example, have yet to be
explored. Based on the properties of MOFs, these nanohybrids
could also be used as fluorescent sensors for the detection of
contaminating metal ions in solvents. Less explored are the
applications of nanohybrids of AuNRs and MOFs for fluores-
cence studies, where the SEF effect can be exerted by the
plasmon.

A wide variety of surface ligands of different sizes with
different metal centers and linkers that currently exist to
generate MOFs open up the possibility of synthesizing a variety
of new AUNR@MOF nanohybrids and targeting them towards
a broad range of unexplored applications, such as those already
mentioned. Therefore, we believe that future research direc-
tions and trends will be based on this type of nanohybrids with
multifunctional capabilities for applications in different fields.
However, it is necessary to evaluate the safety of these nano-
materials for the biological applications.
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