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ABSTRACT: The assembly of nanoparticles on surfaces in defined
patterns has long been achieved via template-assisted methods that
involve long deposition and drying steps and the need for molds or
masks to obtain the desired patterns. Control over deposition of
materials on surfaces via laser-directed microbubbles is a nascent
technique that holds promise for rapid fabrication of devices down
to the micrometer scale. However, the influence of surface
chemistry on the resulting assembly using such approaches has
so far not been studied. Herein, the printing of layered silicate
nanoclays using a laser-directed microbubble was established.
Significant differences in the macroscale structure of the printed
patterns were observed for hydrophilic, pristine layered silicates
compared to hydrophobic, modified layered silicates, which
provided the first example of how the surface chemistry of such nanoscale objects results in changes in assembly with this
approach. Furthermore, the ability of layered silicates to adsorb molecules at the interface was retained, which allowed the fabrication
of proof-of-concept sensors based on Forster resonance energy transfer (FRET) from quantum dots embedded in the assemblies to
bound dye molecules. The detection limit for Rhodamine 800 sensing via FRET was found to be on the order of 107'* M, suggesting
signal enhancement due to favorable interactions between the dye and nanoclay. This work sets the stage for future advances in the
control of hierarchical assembly of nanoparticles by modification of surface chemistry while also demonstrating a quick and versatile
approach to achieve ultrasensitive molecular sensors.
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Bl INTRODUCTION

composed of conductive polymers or sintered metallic
1517

The patterning of colloidal particles on surfaces by optically
controlled microbubbles is a recent and nascent technique
which holds promise for various applications.'~* The heating
of metal nanostructures on a substrate with a focused laser can
lead to relatively strong thermal gradients with low optical
power, and with enough power, the formation of a micro-
bubble due to solvent vaporization.”~” This thermal gradient
can drag colloidal particles toward the substrate, while the
stress tension gradient at the bubble interface leads to
Marangoni convection, driving particles toward the micro-
bubble. Particles bound to the bubble interface can then be
immobilized at the substrate interface via hydrophobic
interactions upon contact with the triple-contact line.
Applications such as particle trapping,” plasmofluidic lenses,”
and photothermal motors'® have been enabled by such
microbubbles. Furthermore, bubble-pen lithography or bubble
printing (BP) has been applied in numerous ways, including
patterning of semiconductor quantum dots (QDs),"" fabrica-
tion of uniform Ag rings,'” site-specific formation of Rh—Au
alloys,"® catalysts,"* and deposition of conductive patterns
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nanoparticles.

Hierarchical assembly is the process of small components
coming together to form larger building blocks, which, in turn,
can be used to build a larger superstructure with functional
properties imparted by the building blocks used. There has
been much recent interest in controlling the hierarchical
assembly of functional nanoparticles to form ordered
assemblies that span multiple length scales from the nano- to
the macro-scale. However, there are challenges in the
fabrication of such materials due to limitations in the methods
used. Currently, most approaches involve casting, filtration,
spin-coating, or layer-by-layer approaches to achieve both
hierarchical assembly and the desired layered structure.

IEIAPPLIED

Received: July 6, 2023
Revised: ~ October 7, 2023
Accepted: October 31, 2023
Published: November 15, 2023

https://doi.org/10.1021/acsami.3c09760
ACS Appl. Mater. Interfaces 2023, 15, 55022—55029


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marcel+Herber"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ana+Jime%CC%81nez+Amaya"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nicklas+Giese"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bharath+Bangalore+Rajeeva"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuebing+Zheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eric+H.+Hill"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eric+H.+Hill"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.3c09760&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c09760?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c09760?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c09760?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c09760?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c09760?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aamick/15/47?ref=pdf
https://pubs.acs.org/toc/aamick/15/47?ref=pdf
https://pubs.acs.org/toc/aamick/15/47?ref=pdf
https://pubs.acs.org/toc/aamick/15/47?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.3c09760?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

Though these methods are easily scalable, they are also time-
consuming and require large amounts of material. Further-
more, there is no current method to produce such materials in
a site-specific manner; ie., the patterning or controlled
deposition of such materials into specific regions has not
been achieved. Self-assembly of nanoparticles into super-
crystals, field-assisted methods, and 3D-printing have all been
recently studied toward hierarchical assembly of robust
functional materials for device-oriented applications, as
discussed in a recent review.'®

While supercrystal assembly and 3D-printing methods are
currently at an advanced stage of understanding, field-assisted
assembly of hierarchical composite materials is currently at a
nascent stage of research.'” BP has already shown potential for
hierarchical assembly of polystyrene spheres,' metal nano-
particles,20 and MXenes,”" all of which are of great interest for
the development of functional materials. However, direct
methods using optical printing have only recently been
explored for hierarchical assembly, and control over aniso-
tropic particle orientation during optically directed self-
assembly has not yet been achieved."” The use of BP for
directing assembly at the bubble interface would provide
multiple advantages over the current fabrication methods for
hierarchically assembled layered materials. First and foremost,
directed assembly at the bubble interface allows near-
instantaneous fabrication, removing the tedium of long casting
times or complicated sequential processes needed for layer-by-
layer or spin-coating methods. Second, the amount of material
needed is very small as Marangoni convection drives particles
to the interface from dispersion, increasing the local
concentration of particles at the bubble interface. Finally, the
particle assembly is directed by the movement of a laser, which
can be programmed for the formation of arbitrary patterns.

Layered silicates are clay-like materials which are composed
of an octahedral layer sandwiched between two tetrahedral
silicate layers, with a thickness of ~0.92 nm and diameters
ranging from 25 nm to 5 um, where the isomorphic
substitution of interlayer ions leads to anionic basal surfaces.””
This gives a high cation exchange capacity which has been used
to modify the basal surfaces via electrostatic interactions,”~>’
whereas edge-modification strategies are also possible due to
the Si—OH edge groups.30_33 Herein, assemblies of the
synthetic layered silicate Laponite (Lap) with different surface
modifications were printed using BP. The aim of this study was
twofold. First, layered silicates can serve as flexible platforms
for a variety of applications, including sensors,”* " tissue
engineering/wound healing,””~*' biomaterials,"*** and drug
delivery,"*~*° and the retention of the normal function of these
materials after printing is paramount. Second, knowledge of
how the surface chemistry of a well-defined anisotropic particle
could influence the assembly is useful for achieving greater
control over the final assembly geometry via particle surface
chemistry.

B METHODS

Laponite-RD (Lap-RD) and Laponite-EP (Lap-EP), which are
pristine and organically modified nanoclays, respectively, were
generously donated by BYK Additives. The Rhodamines 6G, B, and
101, obtained from Acros Organics, and Rhodamine 800 (R800)
obtained from TCI were dissolved in water prior to use. CdSe/CdS
core/shell QDs with emissions centered at 535, 590, and 625 nm were
synthesized by the method of Yu and co-workers,*” including surface
modification with block copolymer poly(maleic anhydride-alt-1-
octadecene)-40 kDa-polyethylene glycol-6 kDa and transfer to an

aqueous dispersion;11 QD concentrations (535 nm —1.75 uM; 590
nm —4.0 uM; 625 nm —0.2 uM) were determined using previously
reported extinction coefficients.”® Amine-terminated CdSe/ZnS QDs
with an emission at 620 nm used for determining Forster resonance
energy transfer (FRET) sensitivity were obtained from Sigma-Aldrich.
Millipore-filtered water with a resistivity of 18.2 MQ-cm was used in
all cases.

The plasmonic gold nanoisland (AuNI) substrates were fabricated
by depositing a 4 nm Au film on a glass coverslip with thermal
deposition (Denton Vacuum, Moorestown, NJ) at a base pressure of
9 X 107° Torr, followed by thermal annealing at 550 °C for 2 h. The
optical setup used for printing and spectroscopy consisted of an
inverted optical microscope (Nikon Ti/Ti2) coupled to a 532 nm
CW laser (Torus 532, Laser Quantum, Stockport, UK) that was
passed through a 5X beam expander to fill the back of the microscope
objective (100X, NA = 1.3, Plan Fluor, Nikon). Further details of the
optical setup are given in Figure la, where the flow conditions and
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Figure 1. (a) Scheme of optical setup; (b) detail of BP process; and
(c) depiction of the Lap structure.

structure of Lap are given in Figure 1b,c, respectively. Lap-RD and
Lap-EP were dispersed in water with stirring overnight at
concentrations of 10 mg/mL. The structure of the printed patterns
was characterized by scanning electron microscopy (SEM) (FEIL
Quanta 3D FEG, FEI Company, Hillsboro, OR) operating at an
acceleration voltage of 10—20 kV with gold coating and 3 kV without.
For height measurements, printed lines were measured with an atomic
force microscope (JPK NanoWizard 4XP, Bruker, Billerica, MA) with
a PPP-NCHR tip with a tip diameter of 10 nm (Nanosensors,
Neuchitel, Switzerland). AFM measurements were recorded in
Quantitative Imaging mode at a force of approximately 50—150 nN.

Printed patterns containing Lap-RD and QDs were prepared by
first mixing S mL of Lap-RD (5 mg/mL) with 200 uL of QD
dispersion, followed by sonication for 1 min and stirring for 10 min,
and then BP as described. Emission spectra of printed patterns of Lap-
RD with three different emission wavelengths of QDs were recorded
with a spectrograph (Andor Shamrock 303i grating: 1199 L/mm; slit
width: 45 ym) and an EMCCD (Andor Newton 970) integrated with
the inverted microscope; signal was collected for 0.1 s using a 532
mW CW laser at 0.2 mW. Hybrid clay/QD patterns were printed
from Lap-RD or Lap-EP (90 uL, S mg/mL) mixed with 620 nm
emitting QDs (10 L, 0.21 yM). In order to determine the sensitivity
of hybrid clay/QD patterns, these were soaked in a series of R800
solutions with concentrations from 1 pM to 10 uM for 1 h, followed
by drying under a stream of compressed air. Fluorescence measure-
ments for FRET studies were carried out using a spectrograph (Andor
Kymera 328i grating: 150 L/mm, 500 nm blaze; slit width: 20 ym)
and EMCCD (Andor Newton 970); signal was collected through the
microscope objective (60X, NA = 0.85, Plan Fluor, Nikon) for 0.0S s
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500 nm
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Figure 2. (a) Scanning electron micrographs of microstructures produced by BP of Lap-RD at different magnifications and (b) with different
speeds of the heating laser movement. The AuNI substrate can be clearly observed as small islands in the bottom left and bottom right panels of

(a).

Figure 3. Scanning electron micrographs of printed Lap-EP (a) without tilt; (b) with 70° tilt.

with excitation by the 532 nm CW laser at 0.2 mW. To account for
the differences between samples, fluorescence measurements were
taken in a minimum of $ different random printed regions for each
concentration on the sample, with 3 samples for each clay type.
Fluorescence microscopy images of QD/dye experiments were
acquired by using a white excitation source with a Texas Red filter
cube (Nikon).

B RESULTS AND DISCUSSION

A microbubble is formed on the plasmonic substrate upon
irradiation with a laser beam due to the plasmon-enhanced
photothermal heating of the solvent. Marangoni convection
then leads to the dragging of colloidal particles toward the
microbubble, where they are then trapped at the interface
between the bubble and the solvent, and finally immobilized
on the substrate at the triple-contact line via noncovalent
interactions.” Monneret et al. reported that at 100 °C in water,
microbubbles are not expected because of a small radius of
bubble curvature, which increases the boiling point. Thus,

supercritical liquid water was observed before bubble
formation to have a temperature of up to 220 °C.> CFD
simulations showed that a temperature difference from the
bottom to the top of a laser-induced microbubble resulted in a
surface tension gradient. The flow velocity decreases with
increasing distance from the bubble, changing from 100 to 1
pum/s at distances of S to 15 pm, respectively. This is reflected
in the observed particle velocities; as the particle moves closer
to the microbubble, the trapping speed increases drastically."
A number of interesting preliminary observations were
made. First, the presence of clay in an aqueous suspension
increases the minimum power required for the formation of
bubbles at the AuNI interface by $32 nm laser irradiation (1.5
vs 2.2 mW). Furthermore, interesting 3D structures were
observed that likely arose due to particle assembly at the
bubble interface, revealing the shape of the bubble before it
dissipated or moved with the laser. In most previous studies of
BP, a spot or ring of material is deposited radially without
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Figure 4. Hybrid Lap-QD microstructures: (a) fluorescence emission spectra collected on Lap-RD patterns printed with 620 nm emitting QDs
after soaking in different concentrations of R800; (b) normalized fluorescence emission of Lap/QD micropatterns at 620 and (c) 704 nm;
excitation by 532 nm laser at 0.2 mW for 0.05 s. (d) Fluorescence microscopy image of Lap-RD/QD micropatterns before (left panel) and after

immersion in 10 #uM R800 (right panel).

further variations in structure. Interestingly, the surface of the
deposited structures has a texture of small features on the order
of 20—30 nm, which is the lateral diameter of the layered
silicate particles (Figure 2a, bottom right). This suggests that
there may be some assembly of the clay particles at the bubble
interface prior to the deposition of the material at the AuNI
surface. Indeed, there have been previous reports of “armored
bubbles” stabilizing foams and emulsions due to the self-
assembly of layered silicate particles at the air—liquid interface
of the bubble.””*® This interfacial assembly is also evident in
the good gas-barrier properties of clay/polymer nanocompo-
sites.”’ Further evidence of this could be observed when such
long-lasting bubbles formed by BP at higher clay concen-
trations (4 mg/mL) were able to be trapped and manipulated
to push other stationary bubbles by the heating laser through a
combination of thermophoresis®* and scattering forces (Video
S1).

It was observed that the bubbles and resulting deposited
structures were highly dependent on the speed of the laser
(Figure 2b). While slower speeds (10—40 um/s) led to quasi-
toroidal patterns with clearly defined edges, speeds at 80 um/s
and above resulted in “smearing” of the printed assembly. This
supports that the observed structure is indicative of interfacial
assembly at the bubble interface and that increased speed of
the laser movement leads to more dragging of the bubble,
which then deposits the clay bound at the liquid—vapor
interface onto the surface.

Influence of Surface Chemistry on Printing. To study
how surface modification of the clay can influence the printing
process, Lap-EP, which is modified along the edges with a
hydrophobic polymer, was printed under conditions similar to
those of Lap. Interestingly, it was observed that bubble-formed

patterns of Lap-EP give a drastically different appearance upon
deposition, in which the formation of sidewalls is reduced, and
the appearance of one or more lines of deposited matter along
the median of the printed pattern was observed (Figure 3,
Video S2). The lack of sidewalls in the structure in the case of
printed assemblies of Lap-EP, as opposed to the well-defined
sidewalls in Lap-RD, suggests that the increased hydro-
phobicity of Lap-EP as opposed to that of pristine Lap-RD
leads to a reduced preference for the clay to be exposed to the
aqueous medium. In the case of Lap-EP, patterns clearly tend
to reduce the area exposed to the aqueous medium and “open”
entirely toward the exterior of the patterns. It is suspected that
immediately upon the adsorption of Lap-EP at the bubble
interface, the bubbles partition toward either side of the
accumulating matter, in order to minimize free energy by
reducing the interaction between Lap-EP and water, favoring
interaction between Lap-EP and the vapor bubble. This can be
somewhat observed via dark-field illumination during printing
(Video S3). This is supported by SEM images taken with 70°
tilt, where cavities along the edges where bubbles had formed
are clearly visible, along with pedestal-like deposits of material
that were likely at the bubble interface prior to depinning via
the movement of the laser (Figure 3b).

Atomic force microscopy measurements showed that the
height of the printed structures is only slightly influenced by
these otherwise significant changes in microstructure, where
the average height of Lap-EP is 109 + 15.5 nm and that of
Lap-RD is 93.7 # 16.3 nm (Figure S1). The clear difference in
the macroscopic appearance of the printed assemblies of
pristine and organically modified Lap suggests that coating the
layered silicate surface with different chemical groups could
lead to drastic and interesting results. The use of molecules and
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polymers to modify the surface chemistry of nanoparticles
printed by BP could be used to modulate the substrate—
particle interactions, as well as adhesion and presumably the
mechanical properties of the assembly, although this was
outside the scope of this work.

Dye Loading and FRET-Based Sensing. Lap has been
well established for its capability to adsorb dye molecules at the
basal surface as well as by edge modification with dyes. Lap
was modified with different cationic fluorescent Rhodamine
dyes, and the printing was carried out as described above. The
dye-loading capabilities of the bubble-printed layered silicates
were maintained, as shown by absorption of several different
fluorescent dyes (Figure S2a). BP was used to fabricate
patterns composed of Lap with QDs of three different emission
wavelengths interspersed among Lap, which showed fluo-
rescence from the QDs (Figures 4 and S2b). Interestingly, the
periodicity of the Lap-RD structure leads to a “strobe” light
effect during printing due to the emission of the QDs at the
bubble interface during printing (Video S4).

A proof-of-concept of the use of this technique for FRET-
based sensors was carried out. FRET is mediated by dipole—
dipole interactions of donor and acceptors, where instead of
emitting and returning to its ground state, the energy of the
donor fluorophore (QD) is nonradiatively transferred to the
nearby acceptor fluorophore (R800).>> Moreover, FRET only
occurs when donor and acceptor molecules are very close to
each other, typically within 10 nm, and the efficiency of energy
transfer decreases as the distance between the two molecules
increases beyond this range.”* QDs with an emission of 620
nm could excite Rhodamine 800 (R800), which has an
absorption band at 635 nm and an emission at 704 nm, via
FRET. The detection sensitivity of R800 due to FRET from
the QDs was assessed by measuring the fluorescence spectra of
the printed patterns after soaking in R800 solutions from 1 pM
to 1 uM (Figure 4a). First, quenching of the QD fluorescence
was observed, even at R800 concentrations as low as 1 pM
(Figure 4b). While this appears to be the limit of detection
(LOD) for Lap-RD, the observed trend for Lap-EP suggests an
even lower LOD. Next, the concomitant increase in R800
emission due to FRET from the QDs is observed, starting at
R800 concentrations as low as 1 nM (Figure 4c). As observed
by fluorescence microscopy, introduction of the fluorescent
dye R800 decreased the QD emission (Figure 4d). While
FRET between QDs and Rhodamine 6G has been shown,>”
the study of FRET between QDs and R800 had not been
previously reported.

Interestingly, the hydrophobic Lap-EP showed drastically
increased QD luminescence (~2.75X) compared to that of
Lap-RD (Figure S3a). Furthermore, the intensity of the R800
peak due to FRET was also enhanced with Lap-EP compared
to that with Lap-RD (Figures 4c and S3b). This relative
increase of luminescence of both QD and dye is attributed to
the hydrophobic environment of Lap-EP decreasing moisture-
related quenching.®® This established that the functional
properties of both printed materials are maintained; the
photoluminescence of the QDs (as previously reported'), and
the layered silicate clays which enabled adsorption of organic
dyes in aqueous solution. The bubble-printed FRET-based
sensors with picomolar detection limit reported herein show
the potential of assemblies of FRET donors with charged
layered materials for detection applications due to the ability of
the layered materials to adsorb analytes.

B CONCLUSIONS

Herein, the printing of assemblies of pristine and organically
modified Lap via a laser-driven microbubble was established.
The printed patterns revealed clearly how the aggregation of
particles at the bubble interface and periodic depinning of the
bubble influenced the pattern morphology, whereas an
increased speed of the laser movement led to “smeared”
patterns with less defined interfacial boundaries. The printed
patterns of pristine Lap-RD and organically modified Lap-EP
drastically differed from one another, where Lap-EP assemblies
minimized the interfacial contact with the liquid, which is
energetically favorable. The ability of printed Lap-RD patterns
to adsorb dye molecules was established with several
Rhodamine dyes. Finally, both pristine and modified nanoclays
were printed with QDs, providing fluorescent patterns that
served as proof-of-concept FRET sensors with picomolar
detection limits of R800. Interestingly, the observed
fluorescence of patterns printed with Lap-EP was higher than
for Lap-RD, suggesting that the hydrophobic nature of the
modified clays can enhance their sensitivity.

The results of the FRET sensing experiments suggest that
further avenues to exploit the adsorption of analytes should be
sought. The potential to independently modify the basal
surfaces noncovalently and the edge sites covalently provides
many potential synthetic approaches to link biomolecules or
other targets for selective sensing via several different modes of
sensing.57 The large detection range across concentrations
down to picomolar levels can benefit a variety of target
analytes. In addition to fluorescence quenching and FRET
which was demonstrated with QDs, plasmonic metal nano-
particles could potentially provide plasmonic patterns to allow
sensing by surface-enhanced Raman scattering.”’ Furthermore,
organically modified nanoclays can template the colloidal
growth of functional, semiconductor-based nanohybrids which
retain many of the colloidal properties of layered silicates while
also providing added functionality.*™®" This class of materials
represents a unique platform for introducing different
functionalities, which could be easily and rapidly transferred
to well-defined micropatterns via BP for myriad applications.
The printed patterns are also robust and survived numerous
cycles of washing under distilled water, drying under
compressed air, and soaking for up to a combined 10 h in
dye solutions of varying concentrations.

Overall, this work discloses the role of surface chemistry of
anisotropic particles on assembly structure and underscores the
potential of layered silicates as useful materials for multifunc-
tional microscopic patterns with applications in sensing,
devices, and lab-on-chip diagnostics, particularly environ-
mental sensors, medical devices, and wearable electronics.
These results show that particle self-assembly at the bubble
interface, interactions with the vapor—liquid and liquid—
substrate interfaces, and the resulting macroscopic structure
and function of the printed material are all strongly related to
surface chemistry at the particle interface. However, much is
yet unknown about the relationship of surface chemistry,
substrate, solvent, and particle morphology to these different
parameters, beckoning further research. Future studies will
seek to fill the gaps in knowledge of how the surface chemistry
of anisotropic nanoparticles influences their hierarchical
assembly at the interface.
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