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Optical Binding-Driven Micropatterning and Photosculpting

with Silver Nanorods

M. Carmen Gonzalez-Garcia, Emilio Garcia-Fernandez, Jose L. Hueso, Pedro M. R. Paulo,

and Angel Orte*

Controlling the nano- and micropatterning of metal structures is an important
requirement for various technological applications in photonics and
biosensing. This work presents a method for controllably creating silver
micropatterns by laser-induced photosculpting. Photosculpting is driven by
plasmonic interactions between pulsed laser radiation and silver nanorods
(AgNRs) in aqueous suspension; this process leads to optical binding forces
transporting the AgNRs in the surroundings, while electronic thermalization
results in photooxidation, melting, and ripening of the AgNRs into
well-defined 3D structures. This work call these structures Airy castles due to
their structural similarity with a diffraction-limited Airy disk. The
photosculpted Airy castles contain emissive Ag nanoclusters, allowing for the
visualization and examination of the aggregation process using luminescence
microscopy. This work comprehensively examines the factors that define the
photosculpting process, namely, the concentration and shape of the AgNRs,
as well as the energy, power, and repetition rate of the laser. Finally, this work
investigates the potential applications by measuring the metal-enhanced
luminescence of a europium-based luminophore using Airy castles.

1. Introduction

Fine control over the preparation of bottom-up nanostructures
is a crucial step in current nanotechnology applications. For
this, a major advancement was the discovery of the optical trap-
ping effect, by which the interaction of light with micro- and
nanostructures resulted in biased diffusion, ultimately leading

to actual nanomanipulation of parti-
cles on the nanometer scale with a
high spatial and temporal resolution
with so-called optical tweezers.!l Nev-
ertheless, research on more finely con-
trolled nanomanipulation has led to other
approaches,?! such as the use of struc-
tured illuminationl®! or plasmonic nanos-
tructures to enhance the optical trap-
ping resolution.*! An effect that boosts
controlling particles at the nanometer
scale is optical binding, which has at-
tracted much attention in the field of
nanotechnology in the last few years.
Optical binding is contained in the in-
terwoven forces mutually exerted be-
tween different scattering particles and
leads to self-organized nanostructured ar-
rangements, in which the particles are
bound by light-matter interactions with-
out physical contact.l’l According to the
mechanism proposed by Huang et al. [%]
nanoparticles (NPs) are initially optically
trapped by the laser at a focal point where they align perpendic-
ularly to the polarization of the light beam. The trapped NPs can
then efficiently scatter the laser out of the focal volume, leading
to the entrapment of other NPs; these NPs can induce multi-
ple scattering events and trap NPs that are farther away.l®! No-
tably, the light scattered by the trapped particles can travel long
distances, even out of the irradiation spaces, leading to optical
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binding in the nonirradiated areas. This effect has been used to
achieve controlled nanoarrangements of silver!’] and gold NPs.®]
or polystyrene particles.”) Working at the single particle level
leads to dynamic but well-ordered structures. However, stable
nanoarrangements with metal NPs need to overcome the in-
crease in the kinetic energy of the particles and, therefore, a
greater Brownian motion caused by a heightened temperature
due to the strong absorption of light.[*1% This enhanced mobility
of the NPs, together with the rest of the forces exerted on them,
produces a swarming effect of the NPs around the focal point
when the NP concentration is relatively high.l®) In the swarming
effect, light scattering plays a critical role, as demonstrated by the
dependency of the optical binding on the polarization of the irra-
diation beam.>:¢3°]

However, optical binding nanomanipulation is usually per-
formed in an off-resonance fashion to ensure that the metal plas-
mons of the metallic NPs are not involved in the process. Usu-
ally, plasmonic interactions between high-fluence laser radiation
and metal NPs result in several effects on the shape and size
of the NPs, especially when large photon densities from pulsed
sources are employed. The effects of pulsed lasers on Au nano-
sized particles have been extensively studied, involving reshap-
ing, thinning, or fracturing.['!! Such effects were reported by Link
et al. for colloidal Au nanorods (NRs)['!] but were successively
exploited to controllably reshape Au NPs into highly monodis-
persed nanorods!™! or submicrometer particles.'!! Similar re-
shaping effects were also reported for Ag NPs but required a rigid
matrix achieved using glass-embedded nanocomposites.!3]

In this work, we describe a method for photosculpting 3D
Ag structures by picosecond pulsed, UV-visible laser light in-
teracting with AgNRs. AgNRs exhibit strong plasmonic light-
matter interactions since the rod symmetry allows for two differ-
ent localized surface plasmon resonances (LSPRs) (transversal
and longitudinal).'* Such LSPR can be used for multiple sens-
ing and biological applications, such as surface-enhanced Raman
spectroscopy (SERS) imaging."®] In our study, light-AgNR in-
teractions drive optical binding and swarming effects, followed
by photooxidation, reshaping, melting, and ripening of the Ag-
NRs. This method results in very stable Ag nanostructures pho-
tosculpted on glass slides, which can be controllably generated
in micropatterns, with potential applications in nanophotonics.
Herein, we also demonstrate how these structures can be used
as plasmonic centers for metal-enhanced luminescence (MEF)
of a selected luminophore.

2. Results and Discussion

2.1. Swarming and Photosculpting with AgNRs

Since the photon momentum is inversely proportional to its
wavelength, we used a pulsed, 375 nm laser diode directed
through an objective lens of a confocal microscope to promote
the swarming of plasmonic AgNRs, as well as directly interacting
with the LSPR of the AgNRs (Figure 1). For these experiments, we
used AgNRs exhibiting an average longitudinal:transversal ratio
of 2.2 + 0.3, resulting in two surface plasmon absorption transi-
tions, centered at 415 and 600 nm for the transversal and longi-
tudinal LSPRs, respectively (Figure S1, Supporting Information).
These AgNRs were synthesized and purified in our lab, as de-

Small Methods 2023, 2300076

2300076 (2 of 11)

www.small-methods.com

scribed in the Experimental Section and Figures S1 and S2, Sup-
porting Information).

The optical trapping and swarming effect caused by the
375 nm pulsed laser was effectively confirmed by the light scat-
tering patterns detected by the CCD camera showing the back-
reflection of the laser light (Figure S3 and Video S1, Supporting
Information). Importantly, focusing and trapping AgNRs near
the glass slide surface led to a very interesting phenomenon. As
discussed below, the interaction of the pulsed laser light with
the AgNR plasmons caused an increase in local temperature,
photooxidation, partial melting, and ripening so that AgNRs co-
alesced on a controlled photosculpting of metallic silver in the
irradiated spots in less than 1 min. This effect could also be di-
rectly observed by the temporal increase in back-scattered light
(Figure S4 and Video S2, Supporting Information). By using
this process, we were able to controllably design micropat-
terns of photosculpted silver structures (Figure 1B). Scanning
electron microscopy (SEM) with energy-dispersive X-ray spec-
troscopy (EDX) analysis confirmed that the photosculpted spots
contained silver (Figure S5, Supporting Information). Such pho-
tosculpted aggregates were subsequently imaged using confocal
microscopy. The same 375 nm laser was used for imaging (at
low power), and the fast raster scan of the images (0.6 ms dwell
time) did not alter the photosculpted structures. The sculpted Ag
micropatterns were stable and remained immobile on the glass
surface upon washing with Milli-Q water or ethanol (Figure S6,
Supporting Information).

The photosculpted structures were imaged using a 630/60 nm
bandpass filter. This band did not correspond to the scattered
light (Rayleigh or Raman) or optical harmonics of the incident
laser. Hence, the detected light came from luminescent species
within the microstructure. To explain the nature of the detected
radiation, we used spectral imaging combined with confocal
imaging('® to extract the wavelength distribution of this light.
Figure 1C shows the photoluminescence (PL) emission spectra
collected at the photosculpted structures. The PL emission spec-
tra exhibited features with a band centered at 510 nm and a broad
band in the 575-675 nm range. We confirmed the spectral distri-
bution of the PL emission and the detected light in the micro-
scope by simultaneously using four detectors in the microscope,
using bandpass filters of 450/40, 500/40, 550/40, and 630/60 nm.
The signals were spectrally corrected according to the detectors’
performance and the optical elements, and the results were com-
pared with the obtained spectrum (Figure 1C), showing excellent
agreement between the two techniques and confirming that the
630/60 filter was optimal to image the photosculpted structures.
Importantly, the 575-675 nm PL band correlates with emissive
Ag nanoclusters of the type Ag, * (withx =2, 3, ...and =1, 2,..),
which are known to emit PL between 550 and 700 nm, depending
on the size, the environment,!*”) or the excitation wavelength,*®!
and exhibit dual-band emission properties.l'”! The formation of
Ag nanoclusters upon irradiation of AgNPs with a pulsed laser
has been previously reported in studies of NP reshaping!!*® and
within micrometer-sized Ag wires.[% Indeed, the energy and flu-
ence of our tightly focused laser are sufficient to generate pho-
tooxidation of Ag into ions through the ejection of photother-
mal electrons.['32!] Several cycles of Ag* ejection and recaptur-
ing electrons lead to shape alteration in Ag NPs,['*) along with
the formation of emissive Ag *! nanoclusters.['**?!l Moreover,
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Figure 1. A) Scheme of the swarming and trapping effect of the silver nanorods (AgNRs) (localized surface plasmon resonance (LSPR) = 600 nm) by
a 375 nm laser beam through an objective lens of a confocal microscope and the subsequent photosculpting of Airy castles. B) Confocal microscopy
intensity images obtained after irradiating micropatterned spots (375 nm, 20 MHz repetition rate, 9.4 uW, 1 min irradiation) with a suspension of AgNRs
(LSPR =600 nm, 60 x 1073 m). Scale bars represent 1 um. C) Normalized emission spectrum of Airy castles (4., = 375 nm) obtained on a spectrograph
coupled to a confocal microscope, with 20 accumulations over 10 s (blue line), and integrated normalized emission intensity recorded by each detector
of the confocal microscope (with filters 450/40, 500/40, 550/40, and 630/30) (blue bars).

the band at 510 nm supports the presence of photo-oxidized Ag*
ions known to emit PL at this spectral region due to Laporte for-
bidden transitions.!"*"! In fact, the presence of small nanoclus-
ters upon irradiation of NPs has not only been detected through
their luminescent properties but also imaged using transmission
electron microscopy (TEM), usually found as a halo of very small
NPs surrounding the irradiated specimen for both Agl'3l and Au
NPS.[]ld'e]

We then investigated the laser-induced photosculpting phe-
nomenon in detail to optimize the conditions leading to con-
trollable micropatterning. For this, we focused on the real-time
kinetics of the formation of Ag nanoclusters during irradiation
through their PL emission. We fitted the kinetic traces to an expo-
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nential growth equation (Equation 1 in the Experimental section).
The concentration of the AgNRs was controlled from 15 x 10712
M to 120 X 107!2 m particles (see Supporting Information for de-
tails on the method used to determine the concentration of Ag-
NRs). Additionally, we studied the effect of silanizing at the glass
surface (see the Experimental section and Figure S6A, Support-
ing Information) and found that although bare slides provided
faster kinetics, the photosculpting was much more controllable
on the silanized surfaces (Figure S6A, Supporting Information).
We then studied the dependency of the photosculpting on the
concentration of the AgNRs and the repetition rate of the irra-
diation laser. The laser repetition rate was changed from 2.5 to
40 MHz, leading to different average laser power values (3.1 pW
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Figure 2. Intensity time traces for photosculpting events of the silver nanorods (AgNRs) (localized surface plasmon resonance (LSPR) = 600 nm) at A)
30 x 1072 m and B) 60 x 10~'2 m by a pulsed, 375 nm laser at different repetition rates. Dark solid lines represent the fitting to the exponential rise
function (Equation 1). C) Average amplitude, A, and D) rate constant, k, values obtained from the fittings of 6-12 independent photosculpting events.

@ 2.5 MHz; 6.4 yW @ 5 MHz; 13.7 yW @ 10 MHz; 28.2 pW
@ 20 MHz; 62 uW @ 40 MHz); since we only modified the rep-
etition rate without changing any other parameter of the laser
driver or the optical path, the punctual power of each pulse re-
mained constant, and the overall power only varied due to a larger
or lower number of pulses per second (Figure S7, Supporting In-
formation). Figure 2A and Figure S8 (Supporting Information)
show representative photosculpting kinetic traces under differ-
ent experimental conditions, whereas Figure 2B shows the cor-
responding average A and k values obtained from the fittings of
6-12 repetitions to equation 1. We observed a clear increase in
both the amplitude and the rate constant with increasing con-
centration of the AgNRs. Moreover, an increase in frequency led
to an increase in the amplitude of the PL emission (Figure S9,
Supporting Information), although it did not show a simultane-
ous increase in the photosculpting rate. At least 10 MHz was re-
quired to trigger photosculpting with 15 x 1072 m AgNRs, but
at 10 and 20 MHz, the amplitude was not large. At higher con-
centrations of AgNRs, the amplitude grew steadily with increas-
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ing frequency. The rate values also showed a certain dependency
on the AgNR concentration; as expected, the largest rates were
found at 120 x 1072 M due to more particles being attracted to
the swarm. This factor led to the consideration of a second-order
kinetics model for the photosculpting process with respect to Ag-
NRs. This was consistent with the fact that several AgNRs needed
to be bound together through the optical binding force, encoun-
tered and, finally, coalesced for effective photosculpting. How-
ever, the results at low frequency and low AgNR concentration
indicated that a certain threshold value was required for the pro-
cess to occur. Figure S10 and Video S3 (Supporting Information)
illustrate the effect of the photoirradiation time on the formed de-
posited micropatterns. As expected, longer irradiation times re-
sulted in larger structures as more AgNRs traveled into the pho-
tosculpted structure.

We used atomic force microscopy (AFM) to closely exam-
ine the photosculpted micropatterns. Photosculpting with the
AgNRs was performed, following the same procedure, on a
silanized glass slide surface using a reference grid to easily

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 3. A) Representative noncontact atomic force microscopy (AFM) imaging of a photosculpted structure with the silver nanorods (AgNRs) (local-
ized surface plasmon resonance (LSPR) = 600 nm) deposited on a silanized glass slide and irradiated for 1 min at the points marked with arrows with a
pulsed, 375 nm laser (28.2 uW at 20 MHz). Scale bar represents 5 um in the left panel and 2 um in the right panel. B) 3D reconstruction of the magnified
section marked with a square in panel (A) showing the arrangement of a representative Airy castle. C) Simulation of an Airy disk from a 375 nm laser
being focused through a 1.4 NA objective at 1 um above the interfacial surface. D) Comparison of the height trace extracted from the line represented
in the AFM image (black line) and the line in the simulated Airy disk (blue, shaded line).

locate the irradiated regions once the slide was moved to the
AFM instrument. Noncontact AFM images clearly showed that
the surface was covered with NPs of different sizes, but at
those irradiated points, photosculpting was clearly identified by a
marked accumulation of nanostructures surrounded by a blank
halo (Figure 3). This profile was clearly indicative of photo-
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sculpting being triggered by a swarming effect due to optical
binding. Focusing on the largest aggregates (Figure 3B), the re-
semblance of the formed tower-shaped structures with an Airy
disk, a pattern formed by a laser beam being focused through
a microscope objective, was remarkable (Figure 3C,D); thus, we
coined the term “Airy castles” to refer to the three-dimensional
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structures achieved through this selective photosculpting. The
different sizes achieved depended on the effective focusing of
the laser at the glass surface or a few micrometers above the sur-
face. The Airy disk profile follows the formulation of the Fraun-
hofer diffraction pattern for a circular aperture;!??l to compare
the formed structures with the Airy disk, we simulated the Airy
disk pattern produced by a 375 nm laser focused through a 1.4
NA objective at 1 um above the glass surface (Figure 3C,D) us-
ing a dedicated Image] plugin.**! For the simulation, we em-
ployed a refractive index of 1.5, corresponding to the immer-
sion oil, 1.4 of numerical aperture, 375 nm for the wavelength,
10 nm for XY pixel size and 250 nm for Z pixel size. The pho-
tosculpted area in the Airy castle correlated perfectly with the
high-intensity region of the Airy disk, whereas the blank halo in
the Airy castle correlated with the steep decrease in intensity of
the outer section of the Airy disk. Moreover, this blank region
was clearly related to the fact that optical binding could be ex-
tended out of irradiated regions through the mutual scattering
of particles.[®3°] Considering that slight differences in the focus
depth may arise during the photosculpting process, we also per-
formed simulations of the Airy disks at different depths of the
focal point (Figure S11, Supporting Information). The kinetic
traces in Figure 2 clearly demonstrate that photosculpted aggre-
gates were slowly formed through coalescence of several AgNRs.
This aggregation led to increased scattering features, hence re-
sulting in optically binding and trapping more AgNRs outside
the irradiated area, transporting them into the Airy castle and
clearing the nearby area. The effect was saturated, as shown in
the kinetic traces, at distances where the optical binding force
was not sufficient to attract more AgNRs. Additionally, the use
of plasmonic AgNRs could enhance the optical trapping effect.[*]
Therefore, the arrangement of the Airy castles clearly demon-
strated that photosculpting was triggered by optical trapping of
the AgNRs into the high intensity, focused region of the laser,
and completed by the optical binding forces outside irradiated
areas.

We further explored and optimized other experimental aspects
of the photosculpting process, starting with the effects of the
AgNR aspect ratio and the wavelength of the LSPR. Along with
the AgNRs with LSPR at 600 nm, we tested the AgNRs with longi-
tudinal LSPRs at 470 and 820 nm (aspect ratio values of 2.12 and
4, respectively), as well as spherical AgNPs with a diameter of 8.6
+ 2.6 nm. Photosculpting was feasible with pulsed, 375 nm exci-
tation for all the employed particles (Figures S12 and S13, Sup-
porting Information), although much slower kinetics were found
for AgNPs, likely due to their smaller size and higher thermal sta-
bility compared to AgNRs,!?* which highlights the importance of
using AgNRs in the method (see Supporting Information). Addi-
tionally, we tested whether pulsed laser sources of longer wave-
lengths were capable of selectively promoting photosculpting of
the AgNRs (Figure S14, Supporting Information). The tested Ag-
NRs and AgNPs share a plasmon resonance centered at 400 nm,
although AgNRs also exhibit an additional longitudinal plasmon
resonance at a different wavelength. The 375 nm laser overlaps
with the 400 nm plasmon resonance of these NPs, while the 470
and 635 nm lasers do not. The 635 nm laser was not able to
produce the aggregation of the AgNRs despite the overlap with
the longitudinal LSPR at 600 nm (Figure S14, Supporting Infor-
mation); this result was probably due to smaller optical trapping
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forces of the lower energy photons, diminishing the efficiency of
the photosculpting dynamics.

All our results can thus be rationalized considering a first step
of NP swarming and subsequent ripening into the photosculpted
structures. Indeed, we confirmed that optical trapping had an im-
portant role as a trigger event for photosculpting and that opti-
cal trapping was enhanced when the irradiation wavelength over-
lapped with the plasmonic bands of the NPs. Then, as aggregates
were formed, more scattered light was generated (Figure S4, Sup-
porting Information), triggering the optical binding forces that
attracted additional AgNRs into swarms and cleared surround-
ing areas. Similar swarming and deposition of Au NPs has been
reported in studies by Huang et al.l® and Kudo et al.[?’! These
authors observed that Au NPs were deposited in different pat-
terns depending on the electric field produced by the laser’s Airy
disk. Likewise, optical trapping of AgNPs could be achieved by
using a >1000 nm NIR laser far from the LSPR absorption of
the particles.!'] Nevertheless, these studies reported the accumu-
lation of individual NPs that did not coalesce with each other.
In our case, the interaction of photons with the plasmonic ab-
sorption generated excited electrons, whose energy excess could
be rapidly transferred to the lattice by electron—phonon interac-
tions, thermalized by increasing the temperature!? and causing
emission of electrons,?’! oxidation, and ejection of Ag* ions, 13
which in turn gave rise to emissive Ag,*' nanoclusters.!"*] Photo-
sculpting of Airy castles was undoubtedly a result of AgNR melt-
ing and ripening, in contrast to other effects found in the litera-
ture, such as reshaping,''"13] thinning,! or fragmentation.['13]
The intermediate step of metal melting has been proposed as
crucial in the reshaping of metal NPs, especially involving plas-
monic light-matter interactions,'!l and has been used, for in-
stance, to yield submicron-sized Au NPs through particle ripen-
ing and growth.['1?8] In fact, the Au NP growth reported by
Tsuji et al. shares common features with our photosculpted Airy
castles. However, our method exhibits several unique character-
istics. In previous works, small nanoclusters were usually ex-
pelled out of the particle due to Coulombic repulsion between
highly charged particles,!*1*?7] whereas Airy castles maintained
luminescent properties since the nanoclusters remained stable
within the 3D structure.?) Another unique feature was that we
could perform this method with NPs in aqueous suspension,
whereas in the past, Ag nanostructure reshaping was performed
in glass-embedded nanocomposites since they required a rigid
matrix.['>2!] Moreover, the photosculpted micropatterns even re-
sisted harsh washings so that interfacial Ag-glass interactions
were strong, possibly initiated by incorporation of ejected pho-
toelectrons into the glass conduction band.!*3]

Controlled photosculpting with AgNRs is an alternative to two-
photon absorption laser-induced photoreduction and subsequent
deposition in controlled silver micropatterns. This methodol-
ogy makes use of fs-pulsed lasers and multiphoton excitation
of a photosensitizer or photoreducing agent capable of absorb-
ing two photons and subsequently donating electrons to Ag*
ions, starting the nucleation of Ag NPs that are subsequently de-
posited, even yielding finely organized motifs.*®) Nevertheless,
our methodology has differential features, such as i) instead of
using an expensive fs-pulsed laser for multiphoton absorption,
we can use a much more affordable ns-pulsed laser; ii) we do not
require adding a photosensitizer that in the last terms defines
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the size and homogeneity of the photodeposited structures, 3!

so that side-products from an oxidation-reduction reaction are
not generated; iil) whereas photoreduction requires large concen-
trations of Ag* ions, usually in the range 0.01-1 M,3%<I we work
with concentrations of AgNRs in pM levels; and iv) the photo-
sculpting process can be monitored in real time by the formation
of luminescent Ag nanoclusters.

The fact that our photosculpting methodology starts upon clus-
terization of preformed AgNRs would make it directly related to
other methods that use preformed NPs for deposition and pat-
terning. For instance, such clusterization has been reported to
be mediated by thiol-induced aggregation,*%! salting-out,3!l or
photoinduced effects.[*”) However, all such methodologies usu-
ally lead to dendritic-fractal aggregates, whereas in our case, pho-
tosculpting using particles in suspension was controlled by the
laser focus and was possible due to optical trapping and optical
binding as the driving force for aggregation. This was confirmed
by irradiating a suspension of AgNPs focusing the laser inside
the aqueous medium instead of at the glass—water interface. This
experiment showed clear growth in the AgNP size by melting and
ripening, giving rise to an approximate 10-fold increase in parti-
cle diameter (Figure S13D, Supporting Information).

In fact, photosculpting with AgNRs yields similar structures to
those achieved by plasma-induced oxidation of silver to silver ox-
ide and subsequent removal of the oxide,**] micropatterns by re-
ducing electron beam lithography,**] nanoimprint and electrode-
position techniques,®°) or laser-induced ablation, transfer, and
deposition,*%) but, in our case, with a much simpler and straight-
forward approach.

The fact that controllable Airy castle structures can be stably
deposited and the pointed tip of the Airy castles pave the way
for using plasmonic interactions in micrometer-sized biosensing
platforms containing arrays of photosculpted aggregates. As an
example, in the next section, we explored the ability of arrayed
Airy castles as platforms to foster enhancement of luminescence
emission of nearby fluorophores by MEF.

2.2. Plasmonic Interaction of Airy Castles with Luminophores for
Metal-Enhanced Fluorescence Detection

The phenomenon of MEF responds to the enhanced electric field
on the surface of plasmonic particles. The enhancement is par-
ticularly intense in NPs containing sharp tips.[*¥! The intense
electric field at the plasmonic surfaces may result in faster re-
excitation cycles for luminophores that lie within 1-10 nm from
the plasmonic surfaces, and thus, they undergo an increase in PL
emission. Although this phenomenon is not easily controlled due
to the required fine control of the position of the luminophore
with respect to the plasmonic particle, MEF has been success-
fully used in the development of biosensors of different types.
Recent reviews are available regarding the use of MEF for im-
proved biosensing technologies. 3]

To test the potential of the photosculpted arrays of Airy castles
to be used as sensing platforms, involving high sensitivity due
to MEF, we performed simulations of the optical response
of a modelled Airy castle (see Supporting Information for
computational details). Our results confirmed that the Airy
castle entails a highly scattering microstructure with broad
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spectral response (Figure S15, Supporting Information). This
may yield MEF for a variety of different dyes. Specifically, we
combined Airy castles with a luminophore based on a cryptate
of a lanthanide cation such as {2,2’,2”,2"’-{4’-{[(4,6-dichloro-
1,3,5-triazin-2-yl)amino|biphenyl-4-yl}-2,2":6’,2”-terpyridine-
6,6”-diyl}bis(methylenenitrilo) }tetrakis(acetato)} europium(III)
(DTBTA-Eu(II1)).*) DTBTA-Eu(Ill) exhibits the main features
of emissive lanthanide ions, very narrow PL emission bands and
a PLlifetime in the range of ms (Figure 4A), which are especially
interesting in time-gated imaging analysis.[*"] Given the spectral
features of DTBTA-Eu(lll), we simulated the enhancement
factors for the electromagnetic field of 375 and 616 nm radiation
in the surroundings of the Airy castle (Figure S16, Supporting
Information) and found several hot-spots where MEF could be
achieved.

Hence, we experimentally challenged this concept by adding
initially a solution of DTBTA-Eu(III) (100 x 10~° m) onto a pre-
formed pattern of AgNR Airy castles. An F-shaped pattern of
Airy castles was obtained as described in the previous section,
with a 30 x 1072 M dilution of the synthesized AgNRs (LSPR =
600 nm). Before the addition of the DTBTA-Eu(IIl) solution, the
slide was washed twice with Milli-Q water and absolute ethanol
to remove the excess AgNRs and unstable aggregates. Figure 4
shows that a 20-fold increase in DTBTA-Eu(IIl) emission inten-
sity was obtained at the points where the AgNRs Airy castles were
located. The enhancement of the emission of DTBTA-Eu(III)
could be caused by plasmonic effects in the surface of the Airy
castles where the dye interacted via adsorption. To confirm the
involvement of the MEF, we focused on the effect on the PL life-
time of the dye, which is known to decrease upon MEF-driven
emission.!] Hence, we performed PL lifetime imaging (PLIM)
of the emission of DTBTA-Eu(III) interacting with the Airy cas-
tles. In these experiments, we carried out the photosculpting of
Airy castles with AgNRs (LSPR = 600 nm) in the presence of
600 x 10~ M DTBTA-Eu(IlI) but collected the images in PLIM
mode. This involves using a 62.5 ps train of pulses, followed by a
5 ms detection time window. Such long imaging times required
working at low laser power to prevent further photodeposition,
warping the preformed Airy castles. As expected, DTBTA-Eu(III)
showed a brighter PL emission in the presence of AgNR Airy
castles. The analysis of the PLIM images yielded two PL lifetime
components: a long 7 of 520 + 40 us and a short 7 of 2.5 + 0.7 ps.
When analyzing the average lifetime, <z>, and the amplitude ra-
tio (Figure 4D), one can clearly identify lower <z> values, in the
range of 35-75 s, in the Airy castles, correlated with a clear larger
abundance of the short 7 lifetime, indicating that DTBTA-Eu(I1I)
was quenched in the regions with enhanced emission intensity.
Although we cannot discard the accumulation of DTBTA-Eu(III)
at the Airy castles due to adsorption, the associated quenching is
consistent with an MEF mechanism.*?]

With the aim of controlling the distance between the
plasmonic structures of the Airy castles and the studied
luminophore, we modified the dye by covalently adding
polyethyleneglycol (PEG) chains of different lengths ending on
a thiol group, —SH (Figure S17, Supporting Information). In
particular, we added either PEG,,, PEG,,, or PEGy, chains to
DTBTA-Eu(III) to increase the length of the linker. Thiol groups
served as covalent interacting centers of the modified dye with
metallic surfaces. In these experiments, we irradiated samples
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Figure 4. A) Absorption spectra of the silver nanorods (AgNRs) with localized surface plasmon resonance (LSPR) = 600 nm (black) and DTBTA-Eu(lll)
(red) and emission spectra of DTBTA-Eu(lIl) (blue). Shaded areas indicate overlapping spectral regions. B) Luminescence confocal microscopy images
of (i) 100 x 107° m DTBTA-Eu(lll) on a silanized coverglass as a control, (ii) an F-shaped pattern of Airy castles of 30 x 10712 m AgNRs (LSPR =
600 nm) (28.2 uW, 20 MHz), and (iii) the same region as in (ii) after washing the slide twice with water and absolute ethanol and adding 100 x 10~°
m DTBTA-Eu(Ill). Scale bars represent 2 um. C) Average intensity at the regions of interest (aggregate spots) from 100 x 10~ m DTBTA-Eu(lll) at the
glass surface, AgNR Airy castles, and AgNR Airy castles in the presence of 100 x 107° m DTBTA-Eu(l1l). D) Photoluminescence lifetime imaging (PLIM)
confocal microscopy images of Airy castles preformed with 30 x 1072 M AgNRs (LSPR = 600 nm) after washing the slide and adding 600 x 10~° m
DTBTA-Eu(lll). The intensity, average lifetime <7>, and ratio of amplitudes Ag,o_/Ajong - images are shown. Scale bars represent 5 um.
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Figure 5. A) Luminescence confocal microscopy images of the silver nanorods (AgNRs) (localized surface plasmon resonance (LSPR) = 600 nm) (i) and
with the addition of 10 X 1076 m of DTBTA-PEG (i), DTBTA-PEG 4, (iii), or DTBTA-PEGgy, (iv), before and after irradiation in an L-shaped pattern of
five Airy castles with the pulsed, 375 nm laser (28.2 uW at 20 MHz) for 1 min. Scale bars represent 2 um. B) Maximum values of the intensity time traces
of DTBTA-PEG o, DTBTA-PEG 4oy, or DTBTA-PEGg, in the presence or absence of AgNRs. C) Representative intensity time trace for the photoirradiated
spots of the AgNRs alone (black) and the AgNRs in the presence of DTBTA-PEG,q, (blue), DTBTA-PEG,qq (yellow), or DTBTA-PEGg, (red).

containing both PEGylated-DTBTA-Eu(III) and AgNRs. Before
photosculpting, part of the dye was adsorbed onto the glass sur-
face, leading to an emissive background signal. Then, we irradi-
ated an L-shaped pattern of points with the pulsed, 375 nm laser
(28.2 uW at 20 MHz) for 1 min at each point; these were the con-
ditions used to promote the photosculpting of Airy castles. Sub-
sequent imaging showed accumulation of emission of the dye
at the Airy castles (Figure 5A), with mild enhancement factors
of approximately 1.5 (Figure 5B). We also compared the kinet-
ics of the photosculpting process (Figure 5C), leading to interest-
ing results. The amplitudes of the overall intensity traces were
much larger in the experiments with PEGylated-DTBTA-Eu(III)
than with only the AgNRs, indicating that the dye was indeed
interacting through the thiol group with the NPs while the ag-
gregates were being formed. Additionally, after the initial growth
phase (marked as 1 in the time traces of Figure 5C) and a stabi-
lization phase (marked as 2), a decrease in the emission intensity
of the dye was detected (marked as phase 3) due to photobleach-
ing caused by the irradiation laser. The latter was demonstrated
by irradiating adsorbed dye on the glass slide under the same con-
ditions but in the absence of the AgNRs (Figure S18, Supporting
Information).
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3. Conclusion

We have demonstrated selective melting of different AgNRs in
suspension and subsequent photosculpting into well-defined,
3D, aggregated structures, driven by a swarming effect caused by
a pulsed, 375 nm laser. We have named those structures Airy cas-
tles due to their resemblance to the interference pattern of an Airy
disk. Studying the kinetics of this process showed the effect of the
AgNR concentration, laser power and energy. The swarming ef-
fect of AgNRs was caused by optical trapping forces, but the effec-
tive formation of the Airy castles also required a certain concen-
tration of particles and an irradiation wavelength that matched
the short wavelength plasmon resonance of the particles. The in-
teraction of tightly focused, pulsed radiation with the transversal
LSPR of the AgNRs led to optical trapping and binding, photooxi-
dation, and thermionic emission of electrons, finally resulting in
melting and ripening into the photosculpted Airy castles, which
were stable with time and resistant to harsh washes. The Airy
castles distinctively maintained PL emission owing to the sur-
face presence of Ag nanoclusters formed during the photosculpt-
ing process. We also confirmed the enhancement of lumines-
cence caused by MEF using arrayed patterns of Airy castles as the
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centers for localizing a long-luminescence lifetime dye, eu-
ropium cryptate DTBTA-Eu(IIl). The methodology presented
herein provides an interesting alternative to two-photon absorp-
tion photoreduction, nanoimprint, and electrodeposition tech-
niques or reducing electron beam lithography. The main advan-
tage of our proposed methodology is that the micrometer-sized
array can be freshly prepared on-site using the same microscope
that would be subsequently used in a biosensing approach; once
the array is preformed, it can be stored and used when needed
due to its high stability. These concepts will promote the further
development of microarray-based biosensing applications.

4. Experimental Section

Materials:  For AgNR synthesis and purification, Milli-Q water (<18.2
MQ.cm), ethylene glycol (EG) (anhydrous, 99.8%), AgCOOF; (98%),
polyvinylpyrrolidone (PVP, MW = 1.3 x 10% g mol~'), tannic acid, HCI
(37%), AgNO; (>99%), sodium citrate dihydrate and NaBH,, were used.
All reagents were purchased from Sigma—Aldrich (Germany). The AgNRs
were synthesized following the protocol described by Patarrollo et al.[4]
with few modifications; they were purified by centrifugation in a glycerol
gradient (see Supporting Information for full details).

DTBTA-Eu(lll) was synthesized from ATBTA-Eu(lll) (purchased from
Tokyo Chemical Industry Co. Ltd., Japan) following the procedure de-
scribed by Nishioka et al.[*?] For PEGylation of DTBTA-Eu(lll), hexade-
cyltrimethylammonium chloride (CTAC) (Sigma-Aldrich) and polyethyl
glycol SH-PEG-NH, with molar masses of 200, 400, and 600 (Biochempeg
Scientific Inc., USA) were employed (se Supporting Information for de-
tails).

Instrumentation:  The photoirradiation of samples for controlled pho-
tosculpting, confocal luminescence microscopy, and collection of inten-
sity time traces were performed using a Picoquant MicroTime 200 confo-
cal microscope (Picoquant GmbH, Germany) based on an inverse micro-
scope Olympus IX-71 (Olympus, Japan). For most experiments, the exci-
tation source was a pulsed diode laser of 375 nm (LDH-375, Picoquant
GmbH) working at controlled repetition frequency supplied by a Sepia Il
laser driver (Picoquant GmbH). Additional experiments (see Supporting
Information for details) were performed using a 470 nm (LDH-470, Pico-
quant GmbH) or 635 nm (LDH-635, Picoquant GmbH) pulsed source. Af-
ter the main dichroic mirror, a 405 LP longpass filter was used to eliminate
the scattered laser light interference. The collected light was focused on a
75-um pinhole and detected with a silicon avalanche photodiode (SPCM-
AQR-14, PerkinElmer, USA) after passing through a 630/60 nm bandpass
filter (Chroma Technology, USA). For comparison with the emission spec-
trum in Figure 1C, two silicon avalanche photodiodes were used with the
abovementioned 630/60 bandpass filter and a 550/40 nm bandpass fil-
ter (Thorlabs, USA) and two hybrid photon multiplier tubes (Picoquant
GmbH) with 450/40 and 500/40 nm bandpass filters (Thorlabs). For PLIM
imaging, a train of pulses of 62.5 us duration of the 375 nm laser (working
at 80 MHz repetition rate) was used and a subsequent detection time win-
dow with the laser off of 5 ms, allowing for sufficient time to fully collect
the PL emission decay of DTBTA-Eu(lI1). The pixel dwell time was 5.1 ms,
although for PLIM imaging analysis, a 3 x 3 pixel spatial binning was per-
formed to improve the reliability of the decay fitting. PLIM imaging was
performed in SymphoTime 64 (Picoquant GmbH) using pixelwise tail fit-
ting of the PL emission decay to a double-exponential decay function. The
amplitudes associated with each decay time and the ratio of the ampli-
tudes were analyzed using Fiji (distribution of Image}).[*4]

Collection of the emission spectrum from the photosculpted Airy cas-
tles was performed by directing the collected light into an Andor Shamrock
303i-A spectrograph for spectral separation, and the light was detected
with an ultrasensitive Andor Newton electron-multiplying CCD camera as
described elsewhere.[*]

UV-visible absorption spectroscopy was carried out using a Lambda
650 spectrophotometer (PerkinElmer). Steady-state emission fluorimetry
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was performed with a Jasco FP-8300 (Jasco, Japan). Dynamic light scat-
tering (DLS) measurements to obtain the NP size were performed using a
Zetasizer uV (Malvern Panalytical, U.K.). TEM images were acquired on an
FEI TECNAI T20 system (Tecnai, Eindhoven, The Netherlands) operated
at 200 kV. TEM specimens were prepared by resuspension in deionized
water, mild sonication for 30 s and subsequent deposition of 5 uL added
onto a copper grid with a holey-type carbon layer (Electron Microscopy Sci-
ences, Hatfield, PA, USA). Precision tweezers were used to hold the grid
and allow the droplet to dry at room temperature in the absence of ex-
ternal light. SEM (FEG INSPECT-F50, FEI, Eindhoven, Netherlands) was
used to acquire images and for EDX analysis. The equipment was oper-
ated at 10 kV using a 45° tilted configuration. Glass slides containing the
Ag sculptures were sputtered with carbon using glow discharge (Leica Mi-
crosystems GmbH, Wetzlar, Germany EM ACE200 coater) to prevent sam-
ple charge events. AFM was performed using an NX20 microscope (Park
Systems, South Korea) in noncontact mode with a cantilever ACTA oper-
ating at a resonant frequency of 269.89 kHz and a scan rate of 0.5 Hz at
the core facilities at the University of Granada (Centro de Instrumentacién
Cientifica, CIC, Spain).

Photoirradiation of AgNRs and Photosculpting of Airy Castles: Photo-
sculpting was carried out over glass slides (diameter = 25 mm) or into
glass gridded slides (diameter = 28 mm) purchased from Ibidi GmbH,
Germany. The slides were sequentially immersed in CTAB, Milli-Q water,
and absolute ethanol, sonicating for 10 min in each step, and later im-
mersed in T M HCl for 1 h. Then, the slides were immersed in 5% v/v (3-
mercaptopropyl)trimethoxysilane in ethanol and washed with methanol;
these steps were repeated three times. This process silanized the slides.

In a typical photosculpting experiment, 1 mL of an AgNR suspension
was used to avoid evaporation effects during the process. The sample was
irradiated at specific spots on the surface with the pulsed 375 nm laser for
at least 60 s. After irradiation, Airy castles were controllably formed in the
specific spots. The slide could be washed with water or ethanol without
removing the Airy castles.

Photosculpting kinetics were analyzed by fitting the intensity time trace,
I(t), to an exponential rise function (Equation 1), where [, is the initial
intensity, A is the amplitude, and k is the apparent growth rate.

/(t):lo+A(1—e-“) ()
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