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ABSTRACT: Gold nanostars (AuNSTs) are biocompatible, have large
surface areas, and are characterized by high near-infrared extinction,
making them ideal for integration with technologies targeting biological
applications. We have developed a robust and simple microfluidic method
for the direct growth of anisotropic AuNSTs on oxide substrates including
indium tin oxide and glass. The synthesis was optimized to yield AuNST's
with high anisotropy, branching, uniformity, and density in batch and
microfluidic systems for optimal light-to-heat conversion upon laser
irradiation. Surface-enhanced Raman scattering spectra and mesoscale
temperature measurements were combined with spatially correlated
scanning electron microscopy to monitor nanostar and ligand stability
and microbubble formation at different laser fluences. The capability of the
platform for generating controlled localized heating was used to explore hyperthermia-assisted detachment of adherent glioblastoma
cells (U87-GFP) grafted to the capillary walls. Both flow and laser fluence can be tuned to induce different biological responses, such
as ablation, cell deformation, release of intracellular components, and the removal of intact cells. Ultimately, this platform has
potential applications in biological and chemical sensing, hyperthermia-mediated drug delivery, and microfluidic soft-release of
grafted cells with single-cell specificity.

G old nanoparticles (AuNPs) with dimensions smaller than significant electromagnetic field enhancement at their sharp
the wavelength of light can produce intense nanoscale points,">'” high NIR extinction, and large surface areas.'®"’

electromagnetic field enhancement. Together with their Many researchers have integrated plasmonic nanostructures
biocompatibility and chemical stability, the plasmonic proper- into solid-state systems such as sensors,”’™** cargo delivery
ties of AuNPs offer unique opportunities for a variety of platforms,””** substrates for light-responsive cell retrieval,***°
biomedical applications.' > When the AuNPs are illuminated, materials for combined cancer cell hyperthermia/chemo-
there are collective excitations of the conduction electrons theraPieSylzm’zg and fundamental studies on phenomena
known as localized surface plasmon resonances (LSPRs). The resulting from plasmonic heating (e-g~, bubble genera-
plasmon resonance oscillation frequencies can be tuned by tion).29_31 There exist several strategies for nanoparticle
altering particle size, shape, and local dielectric environment.” integration into such systems, where direct functionalization
Developments in bottom-up wet-chemical synthetic method- with presynthesized nanoparticles (i.c,, applyigg_ féelf-assembly,
ologies, in particular the seed-mediated growth method, have lithography, or a conglgi_rﬁtion of the two)™ ™" and direct

nanoparticle synthesis’ on the desired substrate offer
common approaches toward achieving surface decoration with
crystalline products. Despite these significant developments,
nanoparticle integration approaches still face challenges
accessing different substrate geometries, such as tubing and
curved features, which are of broad interest for developing

improved the accessibility of uniform colloidal suspensions of
nanoparticles with well-controlled shapes."™” In the seed-
mediated method, gold nuclei or “seeds” are formed from gold
salt reduction and are subsequently added to a growth solution
containing additional gold precursor and shape directing
reagents to produce colloidal suspensions of shapes with
LSPRs in the near-infrared (NIR) biological window such as
gold rods, shells, cages, and stars.'” Nonradiative plasmon- Received: August 15, 2020
phonon coupling enables rapid local thermalization in these Published: October 23, 2020
structures,’’ and this property has been leveraged for
numerous studies focused on tissue-nanoparticle interac-
tions."”~"> Among these NIR-responsive morphologies, gold
nanostars (AuNSTs) have gained particular interest due to the
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Figure 1. (A) Schematic of in situ seed-mediated gold nanostar growth: (i) indium tin oxide (ITO) and glass surface functionalization with
aminopropyltriethoxysilane (APTES), (ii) attachment of catalytic seeds, and (iii) incubation (10 min) or flow (3 min) of growth solution
containing tetrachloroauric acid, silver nitrate, laurylsulfobetaine, and ascorbic acid (AA). Scanning electron micrographs of gold nanostars on (B)
ITO and (C) glass slides, and (D, E) within glass microcapillaries (all shown at the same scale). (F) Photograph showing blue capillary coloration
following flow of growth solution and (G) ultraviolet—visible spectrum of the nanostar-coated capillary. The red area indicates the first near-

infrared biological window.

substrates that uniquely interact with light, microfluidic
platforms, and plasmonic scaffolds for biological studies.**
The development of a robust method for generating substrates
functionalized with size- and shape-controlled nanoparticles at
high density remains elusive and an active research challenge.”

Here, we report a facile method for the generation of
AuNSTs on oxide substrates by applying a versatile silane
functionalization method and bottom-up wet-chemical syn-
thesis. Protocols for the synthesis of AuNST colloidal
suspensions were adapted by first grafting colloidally
synthesized seeds and performing subsequent shape control
in situ by simply submerging the functionalized surface in a
growth solution. Within a microfluidic capillary, the flow rate
and time of the growth solution were used to control the
morphology and aspect ratio of the AuNSTs. Systematically
varying flow parameters, we achieved highly branched
nanostructures with configurable aspect ratios in the micro-
fluidic capillary. These structures exhibit eflicient light-to-heat
conversion when irradiated with NIR light. The mesoscale
heating of the microcapillary can be controlled by adjusting the
laser power, as well as by flowing water into AuNST-decorated
microcapillaries at different rates. Changes in the overall

2106

mesoscale temperature were correlated with phenomena at the
local nanoscale environment through simultaneous thermal
and surface-enhanced Raman scattering (SERS) measure-
ments. Moreover, these nanostructures are interesting and
useful for a variety of biomedical applications, such as
photothermal therapy, due to their plasmonic response to
NIR light and biocompatibility; thus, we applied this system to
interrogate the response of adhered glioblastoma cells to
AuNST localized heating and identified conditions that
facilitate the systematic detachment of single cells from the
capillary walls. Cellular responses, such as reshaping, necrosis/
membrane permeabilization, and rapid cell ablation were
dependent on local heating and flow conditions. Our results
suggest that this plasmonic-nanostructure-integrated micro-
fluidic platform will offer new solutions for small-molecule
sensing,”’ intracellular delivery via poration,”**® or the
targeted retrieval of single cells in adherent cultures,
representing a starting point for the development of devices
capable of cell capture and targeted, selective light-triggered

25,26
release.
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B RESULTS AND DISCUSSION

In Situ Surface Growth of Gold Nanostars. Gold
nanostars with high aspect ratios and numbers of branches
efﬁcientlgr produce intense localized heat in response to NIR
light.*”** Of the various bottom-up wet-chemical approaches
for synthesizing branched nanoparticles, the seed-mediated
growth method, where nucleation and growth steps are
performed separately and sequentially, is one of the most
promising approaches for precise nanoparticle shape con-
trol.*”® However, the immobilization of presynthesized
nanoparticles on substrates can result in low surface density
and inhomogeneous distributions.””*> To address this
limitation, we developed a seed-mediated synthetic method,
enabling direct growth of shape-controlled AuNPs uniformly
on oxide substrates, based on recent methods utilized to
achieve branched structures on surfaces using in situ shape
control.”>* In particular, we modified a previously established
batch seed-mediated growth protocol from Pallavicini and co-
workers,”” improving product reproducibility and reducing the
impact of secondary nucleation (i.e., uncontrolled formation of
new nuclei after particle growth has already begun). In the
original approach, zwitterionic surfactant laurylsulfobetaine
(LSB) yields rapid growth of nanostars, utilizing kinetic control
to achieve sharp tips. In their synthesis, the seeds were also
capped with LSB, resulting in the requirement that reagents
were kept at low temperature to avoid rapid aging and batch-
to-batch variation in the position and intensity of the LSPR
peaks. Therefore, we instead opted to utilize cetyltrimethy-
lammonium chloride (CTAC)-capped seeds, which age more
slowly and yield products with reproducible spectra (Figure
S1). Moreover, the addition of ascorbic acid (reducing agent)
in the absence of the seeds results in fast secondary nucleation,
leading to the uncontrolled growth of suboptimal morpholo-
gies. Thus, we further modified the growth solution through
addition of hydrochloric acid (HCl) to slow secondary
nanoparticle nucleation in solution. Ultraviolet— (UV-—)
visible kinetic data provided in Figure S2 indicate that
significant nucleation does not occur for at least 20—40 min
following ascorbic acid addition, unless the gold seeds are
added to the growth medium. The final adjusted colloidal
protocol produced three major products, as observed by
transmission electron microscopy (TEM) and UV—vis spec-
troscopy: anisotropic spheroids, low-aspect ratio AuNSTs, and
high-aspect ratio AuNSTs (Figure S3A—D), exhibiting LSPR
peaks at ca. 525, 650, and 875 nm, respectively. The
corresponding yield of high-aspect ratio products was 20%
(Figure S3E—G). Addition of HCI slows the growth process
and disfavors formation of highly branched and high aspect
ratio products.7 However, even without HCI addition, three
different products are observed, indicating that the low yield of
the desired products is likely due to inevitable secondary
nucleation in solution. As discussed below, secondary
nucleation is reduced by growing the branched structures
directly on planar substrates.

The in situ seed-mediated AuNST growth strategy
developed here takes advantage of the size of presynthesized
seeds, which can be grafted easily onto a variety of oxide
materials, followed by shape control in situ. The in situ growth
method approach is summarized in detail in Figure 1A: (i)
substrate chemical modification with (3-aminopropyl)-
triethoxysilane (APTES), (ii) grafting presynthesized gold
seeds onto the APTES chemical anchor to serve as catalytic

2107

surfaces for the growth of AuNSTs, and (iii) subsequent
introduction of a growth solution via incubation or flow.
Attaching the smaller seed particles prior to AuNST growth,
rather than tethering larger presynthesized nanostructures to
the substrates, improves product density and limits the
formation of byproducts resulting from secondary nucleation
events that normally occur during the colloidal growth step.
Moreover, our methodology can be applied to a variety of
substrate geometries, including glass microcapillaries, enabling
straightforward integration with microfluidic devices, which are
increasingly applied for the development of biomedical devices
and platforms.”' ~>*

Compared to previous work, the functionalization of our
substrates with the plasmonic structures is rapid and applies
only bottom-up wet-chemical techniques, avoiding the need
for templating, printing, or thermal/electrochemical deposi-
tion. This strategy enables us to integrate the plasmonic
structures with more complex substrate geometries, such as
glass tubing and microfluidic capillaries, which are of great
interest for the development of sensors and devices probing
biological systems.** By translating optimized parameters for
colloidal synthesis to substrate-mediated growth, we achieved
uniform AuNST coatings on indium tin oxide (ITO) (Figure
1B), glass slides (Figure 1C), and along the internal walls of
glass microcapillaries (Figure 1D,E). The final products yield
films that appear blue in color with a broad LSPR peak at ca.
975 nm after flowing growth solution for 3 min (Figure 1F,G).
Silver nitrate is known to play important roles in the shape
control of anisotropic nanoparticles.” Reoptimization of the
silver concentration in the growth solution confirmed that
nanostructures giving the highest NIR extinction were
produced with the same concentration used for the colloidal
suspension (Figure S4). This observation suggests that the
optimal colloidal shape-directing reagent concentrations are
directly translatable to growth in flow. The AuNSTSs grown in
situ were characterized by scanning electron microscopy
(SEM) and were found to have branches with average aspect
ratio of 3 + 1, and an average of 7 + 2 branches per AuNST
without accounting for hyperbranching (n = 3, 150 nano-
particles each). Moreover, flow can increase the rate at which
the gold precursor is delivered to the surface-bound seeds,
therefore requiring shorter growth times (3 min) to achieve
branched products in flow compared to the 10 min growth
time necessary for slides or wafers. The AuNST's grown in situ
on flat substrates and in rectangular microcapillaries had 2.4X
higher average aspect ratio and nearly twice the branching of
those synthesized in solution (histograms of the in situ-grown
AuNSTs are provided in Figure S5, Table S1). On the
substrate, the effective ratio of gold precursor to the seeds
depends on factors absent in standard colloidal growth,
including the yield of APTES functionalization and seed
deposition. In the case of the microfluidic capillary, the flow
profile, and rate must also be considered. Given these factors,
the higher yield of high aspect ratio products on both the flat
substrates and the capillary can be attributed to the spatial
restrictions for growth from the surface-bound seeds.
Furthermore, byproduct deposition is prevented by removal
of the substrates from the growth solution or by flowing the
growth solution out of the capillary prior to significant
secondary nucleation.

When the synthesis is performed under flow, there are
several factors affecting nanoparticle morphology, such as the
volume of growth solution passed through the microfluidic

https://dx.doi.org/10.1021/acscentsci.0c01097
ACS Cent. Sci. 2020, 6, 2105-2116
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Figure 2. (A—E) Gold nanostars grown at the various growth times shown, all with flow rate 125 yL/min and (F—]J) flow rates, all with 3 min
growth times. Products shown in panels C and H represent the standard growth conditions.

channel, i.c., the “growth time” (Figure 2A—E), and the flow will be tested in future studies. Ultimately, the optimized in situ
rate used (Figure 2F—J). Nanostars grown over short time synthetic parameters provide a useful method for functionaliz-
periods lacked branching, likely due to insufficient quantities of ing oxide substrates of arbitrary geometries with dense coatings
growth solution within the microcapillary (Figure 2A). of shape-controlled products and demonstrate the potential for
Nanostructures grown for greater than 8 min at the same accessing different nanoparticle morphologies offered by the
flow rate produced overgrown nanoparticle films, consistent careful design and incorporation of fluid flow into the
with the introduction of excess gold precursor (Figure 2E). synthesis.
Conditions generating products shown in Figure 2C,H have 3 Plasmonic Activity and Photothermal Response
min 3 mingrowth times, which ensured that enough growth Characterization. Cell hyperthermia can be broken down
solution passed through the microfluidic system without into temperature regimes giving rise to different biological
leading to significant secondary nucleation (Figure S2) and phenomena: 37—41 °C is the diathermia range, where cells are
appear to yield the desired highly branched, high aspect ratio able to maintain homeostasis and do not undergo significant
products more reproducibly than those grown at different flow damage due to heating; for 41—48 °C, cell death can be
rates (Figure S6). Assuming lateral diffusion was negligible, the achieved and protein unfolding and aggregation occurs; 48—60
flow rate should dictate the deposition of gold atoms onto the °C constitutes the ablation regime where thermalization yields
seeds, where faster flow rates are expected to produce DNA damage and rapid, irreversible protein denaturation.’’
structures with the highest anisotropy and branching. Plasmonic heating is a near-field effect that can be detected by
However, both the lowest and highest flow rates yielded far-field temperature changes as heat is transferred from the
particles with minimal branching and low aspect ratio (Figure nanoparticle to the surroundings.”® We characterized the
2FJ). We expect that several factors affect the spatial photothermal performance of the prepared substrates by
distributions of the nanostructures, including variabilities in measuring the mesoscale temperature using a thermal camera
the flow rate and profile within the capillaries due to sample-to- as the AuNST-coated microcapillary was irradiated at different
sample differences in capillary positioning within the tubing, laser power densities with a 785 nm continuous wave (cw)
the yield of APTES functionalization, and seed anchoring. laser and under different flow conditions. The thermal camera
Specifically, the positioning of the capillary has the potential to measures the temperature of the outer capillary surface,
affect the flow profile of the growth solution and the APTES because the infrared radiation inside the capillary does not
layer is known to be inhomogeneous.”> However, considering transmit through the capillary wall. However, because the
these effects, we achieve sufficient density of the nanostruc- capillary wall is thin, the temperature gradient through the wall
tures on the substrate (Figure 1). The branched particles were can be neglected, and the capillary surface temperatures are
synthesized under laminar conditions (Reynolds’ number, R, ~ used to approximate the fluid temperatures inside the capillary.
8.5), and we infer that the flow has a profound effect on Temperature changes (AT) of ca. 40 °C were observed in “no
AuNST morphology, since the products found at the outlet of flow” (stationary liquid) conditions (Figure 3A). When cooling
the capillary have much less branching than those present at (via flowing liquid) was applied at the same power density,
the inlet and center (Figure S7). This observation suggests that temperature changes of 10 °C were observed (Figure 3B).
an alternative flow profile (ie., that facilitates interaction of Without flow, equilibrium temperature was reached after ~10 s
reagents with the internal capillary walls throuégh mixing, or of irradiation, compared to less than 1 s with flow. Rapid
introducing lateral flows, such as Dean flow)>® would likely cooling occurred once laser irradiation was discontinued
offer improved control over product selection. This strategy (Figure 3C,D). Negligible changes in temperature were
2108 https://dx.doi.org/10.1021/acscentsci.0c01097
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Figure 3. Thermal camera images of gold-nanostar-coated capillaries irradiated at different laser power in part A, no flow, and part B, 50 #L/min
flow. The dotted line indicates the edges of the capillary (width: 1 mm) Heating curves in part C, no flow, and part D, SO xL/min flow. (E)
Surface-enhanced Raman spectra of thiophenol at various laser power (no flow), and the Raman spectra showing amorphous carbon obtained at 73
kW-cm™ at 20X intensity (inset). (F) Comparison of Raman normalized integrated peak area at 1581 cm™" and measured mesoscale heating at
different flow conditions and laser power. (G) Heating profile of capillary at high power density. (H) Average power converted to heat at different
laser power densities (maximum laser power is 25 mW). Waterfall plots of Raman spectra over a S min-period are shown in Figure S9 in the
Supporting Information. Additional data on the thermal performance and scanning electron micrographs of products before and after reshaping are
shown in Figures S10—S12. Laser wavelength: 785 nm.
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Figure 4. (A) Schematic of adherent cell attachment and light-activated removal. (B, C) Scanning electron micrographs (additional images shown
in Figure S11) and (D) scanning fluorescence confocal microscopy image of a green fluorescent protein (GFP)-expressing U-87 cell on gold
nanostars. Scanning fluorescence confocal microscopy images of cell response at different laser fluences in part E, no flow (white arrows indicate
microbubbles), and in part F, SO yL/min flow rate (white circles indicate blebs which caused leaking of intracellular contents—see Supplementary
Videos $1—S10) (scale bar = 25 ym; parts E and F shown at the same scale. Maximum fluence = 17 mJ/cm?, Tables S2 and S3). Laser wavelength:

785 nm.

measured when an unfunctionalized capillary was irradiated,
consistent with the heating being due to the plasmonic
response of the AuNSTs (Figure S8).

Because nanophotothermolysis is a near-field phenomenon,
the measured macroscale or mesoscale temperatures are much
lower than the temperature at the nanoparticle surface, which
can exceed hundreds of degrees Celsius.”” Rapid local
thermalization can result in a number of events, including
damage to molecules bound to the nanostructures, nano-
particle reshaping, and vaporization/cavitation of fluid
immediately surrounding the nanoparticles to produce nano-
and microbubbles.'">*7*"*¥" The plasmonic activity of the
nanoparticles should not be affected by the presence of flowing
water. Consequently, although the reported mesoscale temper-
atures in flow are lower than those seen under static
conditions, we hypothesized that the nanoscale temperatures
are comparable regardless of the flow. To test this hypothesis,
we probed the near-field environment by measuring the SERS
signal for AuNST-bound thiolated ligands. In fact, both the
high SERS enhancement and the heat generation in branched
AuNPs results from high electric field localization at sharp
points.'”®"** Additionally, phenomena such as tip rounding
and reshaping of the nanostructures, as well as damage to the
ligand coating can occur at high temperatures, reducing both
light-to-heat conversion and SERS intensity. Therefore, the
combination of near-field and far-field optical measurements
can lead to better assessment and understanding of the
nanoscale effects of flow over the photothermal process. Such
measurements are challenging to obtain simultaneously and in
real-time; however, we have developed and set up experiments
enabling us to do so (Figures S16 and S17).
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Experimentally, the LSB coating on the AuNSTs was
displaced by thiophenol, a common nonresonant model
system for SERS studies, taking advantage of the strong
gold—thiol interaction. To track both the mesoscale temper-
ature of the capillary (i.e, probing the far field) and the SERS
signal of the thiols bound to the nanostructures (i.e., probing
the near field), we incorporated concurrent thermal camera
measurements along with the collection of SERS spectra in
aqueous solution as well as in phosphate-buffered saline (PBS)
and in cell culture medium, since these systems may be of
interest for biological applications (Figure S9). As expected,
both temperature and SERS intensity increase with laser power
(Figure 3A—E). Although the mesoscale temperature decreases
significantly under flow, the SERS intensity remains com-
parable at flow rates ranging between 0 and 50 yL/min and at
laser fluences up to the highest power density tested (73 kW-
cm™%; Figure 3F). However, under stationary conditions we
observed the disappearance of the thiophenol fingerprints at
the highest power density tested (73 kW-cm™2) together with
the appearance of the Raman spectra for amorphous carbon
(ca. 1400 cm™, Figure 3E). The decrease in signal could be
due to damage (i.c., breaking bonds within the molecule) or
desorption of the molecule from the nanostars. Although
desorption cannot be ruled out, the appearance of amorphous
carbon peaks indicates that damage to the ligand does occur.
Furthermore, at the same power density (73 kW-cm ™, Figure
3G), we observed a decrease in AT over time, indicating that
there was reduced light-to-heat conversion, pointing toward
nanoparticle reshaping. Spatially correlated SEM measure-
ments provide further evidence that nanoparticle restructuring
occurs under these conditions (Figure S10C). We conclude
that the cooling effects of the fluid flow protect the
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nanostructures from thermally induced reshaping. Further-
more, we observed the formation of bubbles large enough (i.c.,
several microns in diameter based on the microscope images)
to result in measurable mesoscale temperature fluctuations of a
few degrees as they refill and coalesce with one another (Figure
3G shows the temperature fluctuations during this process).

The comparable SERS intensities observed under the
various flow conditions indicate that although the presence
of flowing liquid alters the mesoscale temperature, and flowing
water can thereby reduce ligand damage or AuNST reshaping,
it ultimately does not affect the near-field generation of heat.
To test if the light-to-heat conversion is independent of the
flow conditions (i.c., when damage to the plasmonic structures
does not occur), we estimated the heat g for different flow
rates at multiple laser power settings (see Supporting
Information, Figures SI11 and S12 and corresponding
discussion). Based on the power of the laser source X (W),
the power absorbed as heat is approximately q/X%. For
different flow rates, the laser power converted into heat
increases linearly with the percentage of the laser power and is
comparable for the three different flow rates (Figure 3H). We
estimate up to ~90% power conversion (based on the ~24
mW power converted compared to the max laser power of 25
mW) into heat from our estimation of the steady state AT at
50 uL/min flow rate, which lies within the expected
performance previously reported for branched structures in
colloidal suspension.””®* These results provide additional
support that the flow conditions do not alter the plasmonic
activity of the nanostructures within the capillary.

In summary, we demonstrate that these simultaneous SERS-
thermal measurements can be correlated to far-field and near-
field plasmonic responses of the AuNSTs and can be applied as
tools for probing the nanoscale environment. In addition, we
find that tuning the microfluidic flow rate enables finer control
over total capillary heating without sacrificing plasmonic
activity and has potential for protecting the nanostructures
from temperature-induced morphological changes.

Nanophotothermolysis of Adherent Cells. Microfluidic
systems have previously been proposed to confine adherent
and suspension cells spatially to the same focal plane for
performing fluorescence confocal microscopy studies on
apoptosis and cell response to chemotherapeutics.”**%
Fluorescence confocal cell imaging and simultaneous monitor-
ing of the mesoscale temperature change has potential to offer
new insight into the temperature dependence of cellular
responses to plasmonic heating as they occur in real-time. Our
setup enables us to use laser-scanning fluorescence confocal
microscopy to visualize AuNST-cell interactions with adherent
cells while irradiating the AuNSTs with a NIR fs-pulsed laser
and measuring capillary temperature (Figure S17). Moreover,
we demonstrated hyperthermia-mediated single-cell “point-
and-shoot” release of grafted adherent cells (Figure 4A) and
observe changes in cell morphology, appearance of necrotic
blebs, and microbubble formation, depending on the flow rate
and temperature.

First, we evaluated the adhesion of model cells onto
AuNSTs by culturing them over a AuNST-coated substrate.
Here, our goal is to functionalize the nanostructures with
extracellular matrix proteins that promote cell growth and
adherence. Thiols bind strongly to gold, and thus we used
mercaptoundecanol (MUD) to ensure displacement of LSB.
Modification with MUD provides a hydroxyl functionality to
facilitate coating with fibronectin in order to enhance cell
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interactions with the AuNSTs (NB: total thickness of the
AuNST coating is ~25 nm).°*®” After functionalization, the
AuNST-capillary was split and an adherent glioblastoma cell
line expressing green fluorescence protein (U-87 GFP) was
incubated on the substrate in a well plate for 24 h (at 37 °C,
95% humidity, 5% CO,). Scanning electron micrographs and
fluorescence confocal microscopy images show that the cells
spread over the functionalized substrate (Figure 4B—D). When
cells were administered into the capillary via flow, spreading
was observed within 60 min (Figure S12). This analysis shows
that the functionalization procedure enables direct interactions
of the cell membrane with the local environment of the
plasmonic nanostructures.

Plasmonic heating has previously been utilized to detach
cells from planar substrates at time scales of up to ~1 h.>**°
Our work builds upon these previous developments by
applying the in situ growth method we developed to achieve
point-and-shoot release of grafted cells with single-cell
specificity. The point-and-shoot release triggered by the
localized heating demonstrates the plasmonic activity and the
continued potential of our system for additional biological
applications (Figure 4A). The cells were flowed into the
capillary and incubated within the capillary for 60 min to
facilitate attachment (based on the initial SEM/fluorescence
confocal microscopy data, Figure S14), then irradiated in the
capillary. Though thermal measurements and microscopy
imaging are generally performed separately,®*®” here we
apply the setup shown in Figure S17 to perform simultaneous
thermal imaging and laser scanning confocal measurements
while irradiating the capillary with a 785 nm femtosecond-
pulse laser (80 MHz rep rate, 35 fs pulse width). This
experimental setup enabled us to observe cell morphology
changes, blebbing, loss of cytoplasmic material, bubble
formation, and removal from the substrate of single cells in
real time within a AT range from ~1 to 30 °C. It was observed
that without fluid flow, cell removal occurs quickly with
increased maximum temperature, where rapid cell ablation is
observed within seconds as AT approaches 20 °C.
Furthermore, if the irradiation area in the capillary temperature
is increased by more than ca. 10 °C, we observed the formation
of microbubbles (Figure 4E). Steam nanobubble generation
and subsequent formation of microbubbles via diffusion of
dissolved gases has been previously described for substrates
(such as glass slides) decorated with thermoplasmonic
nanoparticles, and their formation has been shown to play a
role in causing mechanical damage to cell membranes."” Air
bubble formation requires local temperatures near the spinodal
temperature of water (277 °C) and consequently the local heat
energy produced in this system is likely to exceed the measured
mesoscale capillary heating greatly.””* Bubble formation
during nanophotothermolysis of cells induces significant
mechanical stress, which likely plays major roles in the
mechanism of cell removal under these circumstances.”””® As a
control experiment, we observe no cell damage, bubble
formation, nor significant temperature change for at least S
min irradiation time up to 30% of the fs-pulsed laser power (17
mJ/cm?; Tables S2 and S3) when AuNSTs are not present in
the capillary (Figure S13).

Under flow (Figure 4F), significant cell membrane damage
occurs with temperature changes above 4 °C, and ablation
leads to the loss of intracellular materials and near
instantaneous removal from the substrate (i, similar to
what was observed at 17 °C without flow). At the fluences
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tested (5.7—17 mJ/cm*), we do not observe microbubbles,
which may be due to the flowing liquid carrying the bubbles
downstream. However, even in the absence of microbubbles,
cells exhibit membrane damage with changes in temperature of
only 1-3 °C, leading to the rapid formation of protrusions
called “blebs,” with diameters in the tens of microns, which are
precursors to the release of intracellular contents. The
formation of blebs indicates rupture of the outer cell
membrane and the nature of the blebbing can also indicate
different mechanisms of cell death, such as apoptosis or
necrosis, which have been observed previously with nano-
particle hyperthermia.'>”' =" Apoptosis is a biologically
controlled process, whereas necrosis is rapid cell death caused
by external stimuli (e.g,, high local temperature in this case).
The size and degree of blebbing indicates necrosis as the
primary mechanism of cell removal and damage. Note that
without flow, the formation of blebs is harder to detect using
confocal microscopy, as the blebs quickly move out of the focal
plane and do not move around nor detach from the main body
of cells exposed to fluid flow.

The rate of local temperature increase is important to
control when studying cell interactions with thermoplasmonic
nanoparticles, where selection between apoptosis and necrosis
can be achieved through careful control of the heating
conditions. Furthermore, we leverage gradual heating to
demonstrate controlled release of cultured cells from substrates
with branched thermoplasmonic structures.”® In our system,
we are able to tune both the flow and the laser fluence
systematically to control the heating experienced by the cells.
Although the laser fluences (11 mJ/cm?) giving AT of 10 and
3 °C without and with flow, respectively, are the same, the
cooling effects of flow mitigate damage to the cell, enabling
cells to remain on the substrate substantially longer. With flow,
we also do not observe bubble formation, likely because any
bubbles generated are rapidly carried downstream. Both with
and without flow, the cells exhibit significant membrane
disruption, even at low overall capillary temperatures. In these
experiments, we utilize a femtosecond-pulse laser to trigger the
plasmonic response, which might result in more aggressive
localized heating compared to cw illumination sources, where
the energy deposition and generation of heat can be more
efficiently controlled.""””*”® The SERS experiments (cw laser)
and the cell experiments (femtosecond pulsed laser) exhibit
similar photothermal phenomena (ie., bubble formation,
AuNST reshaping), but we note that these systems are not
directly comparable in their deposition of energy to the
particles and therefore the mechanisms leading to the resulting
phenomena likely differ between the two illumination
conditions. Thus, building upon what was done here, one
interesting avenue to pursue will be to compare temperature
measurements, SERS spectra, and fluorescence confocal cell
images collected simultaneously in real time with different
illumination sources to probe phenomena that result from
intense nanoscale heat generation.

B CONCLUSIONS AND PROSPECTS

We developed a seeded-growth method to achieve AuNST
growth in situ on substrates with arbitrary geometries and that
found this approach leads to improved selection of highly
anisotropic products. On the basis of this protocol, we
developed a wet-chemical approach for growing shape-
controlled nanoparticles not only on planar substrates but
also on substrates with arbitrary geometries, such as glass
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microcapillaries using microfluidics. For the microfluidic
growth, we demonstrate that both growth time and flow rate
can be tuned to manipulate AuNST morphology. Our
optimization of the branched structures in flow indicates that
the rational design of flow profiles, rates, and growth times can
be used to access different nanoparticle morphologies, offering
the prospect of exploring new growth mechanisms for different
shaped nanoparticles in microfluidics. Upon illumination, the
AuNST coatings exhibit intense local heating, achieving up to
~40 °C mesoscale temperature increase, and flowing water
acts as a heat sink, mitigating overall capillary heating. We
developed an experimental setup for simultaneous measure-
ment of thermal fluctuations and SERS signal, and apply this
system to monitor damage to ligands and heat-induced
changes to AuNST morphology occurring at the nanoscale
in real time. We have demonstrated light-triggered “point-and-
shoot” selective removal of cells from the substrate and were
able to observe cell necrosis, ablation, microbubble formation,
and intact cell removal depending on flow conditions and laser
fluence. With and without visibly evident microbubble
formation, AuNST photothermal response leads to cell
membrane damage, causing their rapid removal from the
substrate. Due to the robustness of gold—thiol interactions, the
use of thiolated antibodies to facilitate capture and selection of
specific cell types adds additional experimental versatility and
device capabilities while opening areas for future studies that
apply our approach to biomedical applications. Although the
presented studies on adherent cell interactions with AuNSTs
in flow are preliminary, these data indicate that future studies
elucidating the interplay between temperature, flow, and cell-
AuNST interaction strength can be leveraged to identify
conditions that support controlled removal of intact, viable
cells. Later designs of the platform will target soft-release of
disease-relevant cells, incorporating systems for selective
release and collection of specific cells from a large background
cell population via localized heating to enable analysis of cell
viability via colorimetric or flow cytometry-based assays and
opportunities for clinical translation.
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Video S3:
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20% laser power,
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10% laser power, 50 uL/min flow (MP4)
Video SS: 20% laser power, 50 uL/min flow (MP4)
Video S6: 30% laser power, 50 uL/min flow (MP4)
Video S7: Negative control for a glass capillary
functionalized with APTES and fibronectin, with no
nanostars, at 30% laser power, no flow. (MP4)

Video S8: additional video of intact cell release (MP4)
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Video S9: additional video of intact cell release (MP4)

Video S10: additional video of intact cell release (MP4)
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