Gold-spiked coating of silver particles through cold nanowelding
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Herein, we present a method to obtain particles composed of a segregated alloy of silver coated with gold.
These particles are achieved through the controlled Ostwald ripening of small gold nanoparticles (NPs) onto
the surfaces of larger silver particles. The prepared segregated nanoalloyed colloids benefit from the
advantages of gold and silverwith none of their drawbacks. These platforms provide optical efficiencieswhich
are superior to those of silver with the chemical resistance and biocompatibility of gold.

Introduction

Investigation in gold and silver nanoparticle has been a hot research field during the last forty years. Notably,
these two metals present strong localized surface plasmon resonances (LSPRs)when their nanostructures are
illuminated in the visible or near infrared (NIR) windows. Consequently, these nanoscaled materials had been
used in a variety of applications ranging from spectroscopy,’ photothermal,? drug delivery® or hot electron
catalysis. * Notwithstanding, each material presents its own advantages and drawbacks. For example, gold
nanoparticles are easier to produce in controlled size and shape, are chemical resistant and, thus, are highly
biocompatible.® Conversely, silver nanostructures present a larger excitationwindow, from the blue to the NIR,
as compared with those of gold, from the red to the NIRdue to the interband transitions.® Also, it can be stated
that silverisa much more efficient optical materialthan gold, givingrise to surface enhanced Raman scattering
(SERS) signals over 100-fold higher than similar gold nanostructures due to its larger scattering contribution,
associated to the real part of its dielectric function.” Therefore, silver nanoparticles are preferred when dealing
with ex vivo analytical applications,® while in vivo applications are usually performed using gold colloids.®

As an alternative to the use of colloids of a single metal, several approaches had been exercised in the
preparation of bimetallic nanoparticles of silverand gold. However, to obtain materials withthe advantages of
both metals, and none of their drawbacks, a necessary requirement is the formation of a segregated alloy of
silver coated with gold. To this end, many synthetic strategies had been designed. The simplest comprise the
simultaneous reduction of silver and gold salts.’® However, this method results in completely uncontrolled
materials comprising particles of both metals and their alloys at different concentrations forming solid
solutions. Otherwise, the controlled growth of a metal on the surface of preformed colloids yields good results
when the metal in the interior (the one forming the colloid) has a larger surface free energy than the metal to be
reduced on its surface. Thus, as surface free energy is larger for gold than for silver, 1.128 and 0.923 Jm2,
repectively,'" segregated alloys of silver are easily grown onto gold colloids.'? In fact,in many cases, gold isused
as a seed to grow silver.'® The contrary, reduction of gold into silver colloids, results in a solid solution of both
metals.™ A clear example of this can be found in the galvanic replacement reaction using silver colloids and
gold salts where the silver of the interior tends to go to the surface while the gold goes to the inner space
generating hollow colloidal structures.'® '® Another approach has been the use of Ag NPsprepared in aqueous
solution that were transferred to organic solvents. In this case, itwas reported that as the galvanic replacement
reaction proceed and more Au atoms are deposited on the surface, a structure that insulates the Ag core from
further oxidative dissolution is formed."”: @

Notably, as a colloid reduces in size, its surface to volume ratio increases. To decrease this energy the system
atoms of the surface of the small particle (energetically unfavourable) detachfrom the particle, as per the Kelvin
equation, and diffuse into the solution increasing the concentration of free atoms in solution. When the free
atoms are supersaturated, they condense on the surface of larger particles.'® Thus according to this
phenomenon, Ostwald ripening,?° the larger colloids grow at the expenses of the smaller ones. Ostwald ripening
had been extensively employed for the controlled synthesis of gold or silver nanoparticles, 2" hybrid films?? or
thin films at the liquid-gas interface.®

Herein, we present a method to obtain particles composed of a segregated alloy of silver coated with gold.
These particles are achieved through the controlled Ostwald ripening of small gold nanoparticles onto the
surfaces of larger silver particles. The final morphology of the final products depends on reactiontimes and can
be easily controlled by stopping the reaction by separating the exceed of small nanoparticles. Also, these
nanoparticles present interesting optical activities whichtogetherwith their outer morphology can be exploited
in both ex vivo and in vivo applications.
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Figure 1. (A) Transmission electron microscopy images of the individual gold seeds and silver nanoparticles
(top left) and the segregated alloy of silver coated with gold formed afterreaction of the a Ag particles withthe
Au seeds at differenttimes (1 day top right, 5 days bottom left, and 20 days bottom right). (B) Normalized UV-vis
spectra of the corresponding TEM images shown in (A).

Results and discussion

Figure 1A shows transmission electron microscopy (TEM) images of the initial gold and silver particles and their
products over the time. As starting materials silver nanoparticles of 90 nm were selected because of theirgood
optical enhancing properties. Conversely, the use of gold nanoseeds was due to theirinherent instability due to
their small size. Silver nanoparticles, as prepared,?* 2° present a Zeta potential ({) of —42 mV which, considering
the analogous negative charge of the, as prepared, gold seeds ({'= -38 mV), hinder their reaction with other
negative entities present in the solution.?® Thus, to improve the interaction of silver and gold colloids, silver
nanospheres were wrapped with branched polyethyleneimine giving rise to particles with a positive charge of
48 mV. The positive silverand negative gold were mixed, and allowed to react, at different particle ratios. Best
ratio selected was that of 1:400 for silver and gold particles respectively. Lower ratios improve the reaction
kinetics but severely promote the interaction of seeds, between themselves, yielding completely uncontrolled
resulting colloids. Conversely, increasing of the particle ratio, increase the reaction time with no clear benefit

of the final product control.
After allowing the retention of the gold seeds onto the silver particles under mechanical stirring overnight, the

samples were remained in a stirring wheel and aliquots extractedwithtime. The first extraction after one day of
reaction showed silver particles homogeneously coated with the gold nanoseeds, reminiscent of core-satellite
structures;? However, withtime, these segregated alloy of silver coated with gold evolve by a cold nanowelding
between the gold and gold and the gold and silver. Composition of the particles was studied with energy
dispersive X-ray (EDAX) elemental analysis (Figure 2). This figure shows strong gold signals with reminiscent
ones due to silver, suggesting the segregated nature of the formed alloy. Thus, after 5 days a spiked but
completely and thin coating of gold on silver can be observed. Larger reaction timesincrease the gold coating
but forming long and refracted shapes rather than compact coatings.

Figure 2. Energy dispersive X-ray elemental analysis of a colloidal particle obtained after5 days of reaction. (A)
SEM image. (B) Mixed elemental mapping (Au in red, Ag in yellow). Clearly showing that the surface of the NP is
mainly composed of Au while the inner part is Ag.



Figure 1B shows the localized surface plasmon resonances for these materials. Gold nanoseeds presents the
maximum at 520 nm characteristic the dipolar LSPR contribution of these nanoparticles. Silver nanospheres,
however, present a complex spectrum due to their size. Rather than just one maximum, three different

contributions at 390, 455 and 700, due to the octupole, quadrupole a dipole LSPR.28 After the addition of the
seeds the plasmon shift markedly to the red due, probably, to the formation of electromagnetic hot spots
between gold and silver as has been already predicted by theoretical simulations.?® Notably, after 5 days of
reaction, contributions in the red-near infrared gain prominence. The intensificationin this optical window can
be attributed to the formation of the spikes on the surface, which overlaps ones with other making a continuum
signal.®® After log reaction times (20 days) the particles reshape forming long interconnected gold refracted
nanobranches. At this stage the gold contribution almost dominates the LSPR spectrum. As a matter of
consideration, it is worthy to note, in the samples prepared with 1 and 5 days of reaction time, the strong
contributions bellow 500 nm, characteristic pure silver, that also confirm the segregated nature of the alloy.
Figure S1 shows the size distribution and size evolution of the silver NPs and the segregated alloy measured by
dynamic light scattering (DLS). These results confirm the progressive increase of the structures during the
welding process without any observable aggregation.

As previously stated, the mechanism for the formation of this segregated alloy of silver coated with gold isbased
in the Ostwald ripening (Figure 3). This process begins with the electrostatic retention of the smallseeds on the
silver nanoparticle surface. Then, with time the gold nanoseeds weld together and with the silver. As there are
many unreacted gold particles in the solution, these free seeds are eventually retained on the surface of the
bigger particles, self-assembly to them. The balance between repulsive and attractive forces on seeds makes
formation of nanochains particularly favorable.®' Note that we do not see the strong evidence of epitaxial
registry between the NPsknown as oriented attachment mechanism.32 33|n this case, the surface atoms of the
NPs (less stable) which are energetically unfavorable, are in close contact with neighboring particles and
therefore, diffuse through the metal surface finding a neighboring atom from the adjacent particle inducing
thus, the reshaping and merging of the NPs. As the diffusion barrier for a single metalatom on a metal surface
is typically less than 1 eV, room temperature is enough to overcome such a low barrier when the NP are
assembled closely together, resulting in the formation of larger plasmonic structures with seed-seed
boundaries ‘cold welded’ together.®® Similar processes have also been observed for semiconductor
nanoparticles.?' The geometrical evolution of the film with time shows that these structures grow into curved
complex geometries, which are metastable. From the perspective of thermodynamics the obvious preference
to such asymmetric structures is quite remarkable and can be associated with the asymmetries of the NP
surface with low affinity surface ligands.® The seed merge proceeds only while are free seeds in solution, with
no further changes from this point onwards, due to the decline of NPs in solution and inherent self-limiting
mechanisms typical for many nanoparticle assemblies.®” Thus, centrifugation provides an easy and fast
method to quench the reaction and stabilize and nanoparticles. It is important to note, that the presented
mechanism also occurs for different core materials than Ag. Figure S2, shows similar evolution of welded Au
NPs when SiO; was used as core.
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Figure 3. Scheme of the growth mechanism for the segregated alloy of silver coated withgold and TEM images
of the different steps.



SERS characterization of the particles produced at different times was characterized with benzenethiol in gas
phase and with two laser lines, green (514 nm) and near infrared. Figure 4A shows the SERS spectra with both
lasers carried out in the particles reacted during three days. Spectral patterns exhibit the typical band of this
molecular probe: 998, 1022 and 10723, ring stretching (vi2), C-H in-plane deformation (viss) and C-H in-plane
deformation (v1sb).3® 3° Figure 4B show the comparison of the intensities provided by the ring stretching band
(998 cm™) of isolated colloids on a siliconwafer. This sample was prepared by spin-coating diluted solutions of
the colloids on silicon wafers (see Figure 4D-F and Figure S3). For the green laser, the only sample providing
SERS was that of segregated alloy of Ag@Au colloids after1 day of reaction. In this case, the particle is not yet
nanowelded and thus, the intergaps between the gold-gold and gold silver particles form electromagnetic hot
spots that are capable of enhancing the signal with a single assembled particle. In the case of the rest of
samples, either pure metals or their segregated solution, single particles are unable to provide the electricfield
necessary to yield SERS. Excitation with the 785 nm line neither provide signal for the pure metals, but SERS
can be observed in all the alloyed particles. Interestingly, maximum is reached in particles after 5 days of
reaction, when a complete shell plus spikes is present in the alloys. These spikes, likely, localize the
electromagneticfields in the apexes of their tips providing the enormous enhancement factors typical of these
structures.*® From this point onwards, the tips grow into branched fibers losing partially the field focalization
and consequently the SERS activity. This effect has been already predicted by theoretical simulations and
experimentally observed for interacting nanostars.*" 42 Figure 4C shows the intensity comparison for the same
band but in samples prepared by casting of concentrated solutions to generate extended aggregates. In this
case, pure silver offers unambiguously better enhancement than whatever of the alloys. This is due to the
generation of more efficient hot spots in the near infrared. As silver aggregates, its characteristic LSPRwhich is
in the blue, redshifts to the near infrared providing an excellent substrate for SERS. In the case of the alloys,
either does not form efficient interparticle hot spots due to the sterically hindrance provided by the branched
gold (such in the cases of samples of 10 and 20 days), or the plasmon, initially placed inthe near infrared, shifts
to the infrared losing resonance with the excitation light.*®
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Figure4. (A) SERS spectra of benzenethiol (BT) on segregated alloy of silver coated with gold withtwo different
lasers, 514 and 785 nm. Comparison of the SERS intensity of the BT ring stretching (998 cm™") for (B) isolated
and (C) aggregates of alloyed particles and the pure metal colloids. (D-F) SEM and SERS images (998 cm™)
examples of the isolated segregated alloy of Ag@Au after 5 days of reaction (D), isolated silver nanoparticles of
90 nm (E) and aggregated silver nanoparticles (F).

Conclusions

In summary we have prepared a collection of segregated alloys of silver coated with gold consisting in silver
cores with gold surfaces. This configuration benefits the particles from the advantages of gold and silver with
none of theirdrawbacks. While in aggregated state theiroptical efficiencies are inferior to those of nanoscaled



pure silver, single particles are capable of single particle SERS, paving the road to the designing of new
applications, especially in in vivo experiments, where the typical uses of both metals can be simultaneously
employed; for example, theragnostic devices for simultaneous detection and treatment. Also, the interesting
morphologies of the branched particles suggest an exceptional biocompatibility and internalizationin living
cells and tissues.

Materials and methods

Materials: Trisodium citrate dihydrated (299.5%, CesHsNaszO7-2H.0), ethanol (299.9%, EtOH), l-ascorbic acid
(299.0%, AA), silver nitrate (299.9999%, AgNOs), gold(lll) chloride trihydrate (299.9%, HAuCls-3H20),
polyethyleneimine branched (299.5%, average MW = 25000, PEI), sodium borohydride (99%, NaBH,), and
magnesium sulfate (= 98%, MgSO.) were purchased from Sigma-Aldrich. Allreactants were used without further
purification. Milli-Qwater (18 MQ cm™") was used in all aqueous solutions, and all glassware was cleaned with
aqua regia before the experiments.

Synthesis of citrate-stabilized spherical silver nanoparticles (ca. 90 nm diameter): Spherical silver
nanoparticles of approximately 90 nm diameter were produced by a modification of the kinetically controlled
seeded growth method. 24 25 Briefly, 100 mL of H,O are heated until boiling under strong magnetic stirring. When
itboils energetically, amixture containing Ascorbic Acid (100 pL, 0.1 M) and Sodium Citrate (1.364 mL, 0.1 M) is
added. 1 minute after, a mixture containing AgNOs (297.6 pL, 0.1 M) and MgS0,(223.6 pL, 0.1 M) is also added
(the AgNO3-MgS0O, mixture was previously incubated for 5 minutes). Boiling and stirring were continued during
1 h. The size of the obtained nanoparticles was around 60 nm. In order to obtain bigger NPs, further growing
steps were performed on the produced NPs as follow. One hour after the synthesis, the reaction was cooled
until the temperature of the solution reached 90 °C. Then, a mixture containing Ascorbic Acid (18.2 pL, 0.1 M)
and Sodium Citrate (248 pL, 0.1 M) was added, after2 minutes, 297.6 pL of AgNO3 (0.1 M) were injectedunder
vigorous stirring and the synthesis was left reacting for 30 minutes. This overgrowing process was repeated
twice until achieving a NPs size of 87.7 nm. The concentration of the NPs was calculated to be ~ 2.27-10"°
NPs/mL by the Lambert-Beer law using an extinction coefficientfor silver nanoparticles of 1.3 x 10" M cm™,
derived from the literature.** To clean the NPsin order to remove the excess of Sodium Citrate the solution was
centrifuged (4.200 rpm, 8 minutes) and further redispersed in MilliQ water to achieve [Ag’] concentration of
5x10* M.

Ag NPs PEIl wrapping: To provide the Ag NPs with positive charge, they were wrapped with a polyelectrolyte
monolayer. To this end, 2 mL of the colloidal solution were added drop by drop to a solution of PEI (2 mL,2 g/L,
previously sonicated for 30 min)under vigorous stirring. The sample was incubated for 1 hour. Afterthat PElwas
cleaned 5 times by centrifugation at 4000rpm for 5 minutes. The thickness of the PEI layer on the surface of the
NPs has been estimated to be around 1.5 to 2 nm.?”

Synthesis of citrate-stabilized spherical gold nanoparticles with NaBH4 (ca. 5 nm diameter): Briefly, 5 mL
of Mili-Q waterwere mixedwith 12,75pL of trisodium citrate (0,1M) and 10,25pL of HAuCl4 (0,12 M) followed by
stirring for 10 min at room temperature. Next, 150 pL of a freshly prepared NaBH4 (0.1M) solution was added
quickly under vigorous stirring. After 2 min, the stirring rate was reduced, and the seeds were aged for 60 min
under slow stirring at room temperature to ensure complete decomposition of NaBH 4. The concentration of Au
was calculated to be ~2.5 10* M by the amount of Au precursor used givinga concentration of NPs of ~3.9-10"3
NPs/mL.

Formation of Ag coated Au nanoparticles: 2 mL of the PEl wrapped 90 nm Ag NPs ([Ag]= 5x10“ M, ~1.45 10'°
NPs/mL)were added drop by drop, under vortex agitationto 0.7 mL of a solution of 5 nm Au nanoparticles (1.25
x104M, ~210"¥ NPs/mL).The stoichiometric ratio of Ag:Au NPswas 1:400. The used atomic ratio between Ag:Au
was 11.5. To ensure an isotropic 3D coverage of the Ag NPs the solutions was left stirring for 12 hours. Finally,
aliquots at different times (1, 3, 5, 10 and 20 days), were collected, centrifuged (4000 rpm, 8 min) and
redispersed inthe same volume of a0.25 mM trisodium citrate aqueous solution to stop the branched evolution
of the structures.

Synthesis of SiO2 nanoparticles (ca. 150 nm diameter): Spherical silica nanoparticles of approximately 150
nm diameterwere produced by a modification of the Stober method.** 46 By mixing 0.18 mL of H,O, 8.7 mL EtOH,



625 pL TEOS, and 467 uL NH4OH. After 12 h, the NPs were cleaned by centrifugation (2 x 9000 rpm, 10 min) and
redispersed in 7 mL EtOH. To avoid the dissolution of the NPs in agueous media, a hardening process was
performed by adding 500 pL TEOS (10% in EtOH) to the solution and heating it at 60 C for 12 h. Next, the NPs
were cleaned by centrifugation (2 x 9000 rpm, 10 min) redispersed in 7 mL EtOH to finally transfer them to H.O
(5 mL) by two centrifugation steps (9000 rpm, 10 min).

SiO2 NPs PEl wrapping:To provide the SiO2 NPswith positive charge, they were wrapped with a polyelectrolyte
monolayer. To this end, 5 mL of the colloidal solution were added drop by drop to a solution of PEI (5 mL,2 g/L,
previously sonicated for 30 min) under vigorous stirring. The sample was incubated for 1 hour. Afterthat PElwas
cleaned 5 times by centrifugation at 9000rpm for 10 minutes.

Formation of SiO: coated Au nanoparticles: 2 mL of the PEl wrapped 150 nm SiO> NPs were added drop by
drop, under vortex agitation to 5 mL of a solution of 5 nm Au nanoparticles and the solutions was left stirring for
12 hours. Finally, aliquots at differenttimes (1, and 5 days), were collected, centrifuged (7000 rpm, 8 min) and
redispersed inthe same volume of a0.25 mM trisodium citrate aqueous solution to stop the branched evolution
of the structures.

Characterization: UV-vis-NIR spectra were recorded using a Thermo Scientific Evolution 201 UV-vis
spectrophotometer. Silver concentration for Ag NPs was calculated by the Lambert-Beer law using an
extinction coefficient of 6.61x10'° M~ cm™. Zeta potential and DLS size distribution were recorded with a
Zetasizer Pro (Malvern) previous dilution of the samples to 1:10 with Milli-Q water. Electron micrographs were
recorded with a transmission electron microscopy (JEOL JEM-1011 operating at 80 kV) and an environmental
scanning electron microscopy (JEOL 6400) for the structural characterization of the samples and their
distribution on the silicon wafers. EDX elemental analysis of the structures was achieved with a FIB-FESEM
(Themo Fisher Scios 2).

Substrate deposition of core-satellite assemblies and SERS characterization: Silicon wafers (1cm x 1cm)
were cleaned by the standard RCA-1 to remove any possible organic residue. Solutions of all type of NPs
structures and their independent building blocks were prepared and 50 pL of each solution were spin coated
((1st ramp) 500 rpm, 10 s; (2nd ramp) 3000 rpm, 30 s withan accelerationrate for both ramps of 500 rpm/s) on
the silicon wafers to achieve particle densities ranging of approx. 0.1 to 2 particles x pm2. SERS spectra were
collected in backscattering geometry with a Renishaw Invia Reflex system equipped with a 2D-CCD detector
and a Leicaconfocal microscope. Excitation of the sample was carried out with either 514 or 785 nm laser lines
with acquisition times ranging from 1 to 10s and power at the sample of about 0.15 and 3 mW. The laser was
focused onto the sample with a x50 objective providing a spatial resolution of ca. 1 pm. SERS maps were

obtained in the same conditions in an area of 21 x 21 pm.
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