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ABSTRACT: Inkjet printing technology has brought significant advances in
patterning various functional materials that can meet important challenges in
personalized medical treatments. Indeed, patterning of photothermal active
anisotropic gold nanoparticles is particularly promising for the development of low-
cost tools for localized photothermal therapy. In the present work, stable inks
containing PEGylated gold nanostars (GNSs) were prepared and inkjet printed on a
pigment-coated paper substrate. A significant photothermal effect (AT = 20 °C) of the
printed patterns was observed under near infrared (NIR) excitation of the localized
surface plasmon resonance (LSPR) of the GNS with low laser intensity (I = 0.2
W/cm?). Besides the pronounced photothermal effect, we also demonstrated, as an
additional valuable effect, the release of a model fluorescent thiolterminated Bodipy
dye (BDP-SH) from the printed gold surface, both under bulk heating and NIR
irradiation. These preliminary results suggest the way of the development of a new
class of low-cost, disposable, and smart devices for localized thermal treatments
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combined with temperature-triggered drug release.
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INTRODUCTION

Inkjet printing technology is becoming an attractive
patterning technique among other methods (e.g., vapor
deposition, photolithography, etc.) mainly due to easy and
high speed one-step processing, low working temperatures,
reduced amount of toxic wastes, and reduced costs.'? Inkjet
printing has been successfully applied to pattern various
functional materials such as transistors, integrated circuits,
conductive polymers, ceramics, etc.* In addition, recently
inkjet printing has been also successfully adapted to print a
wide range of materials (including also biomaterials) for
applications in

s-11 biology and medicine. The
formulation of suitable inks for deposition of functional
materials is considered to be a major factor in successful
application of inkjet printing technologies.'? Inks made of
metal nanoparticles have significant advantages over other
formulations, and they are widely used for their relevant
conductive and thermal properties.”!* Within the range of
existing metal nanoparticles, gold nanoparticles are most
commonly used for nanomedical applications'*!° since gold
is chemically inert, displays excellent resistance to oxidants
and acids, has high conductivity when thermally sintered,'”

affinity for thiol-containing biomolecules. Relevantly to this
paper, anisotropic (i.e., nonspherical) gold nanoparticles
feature large near infrared absorptions in the biotransparent
range (~750-1100 nm) due to their localized surface
plasmon resonances (LSPRs). These LSPRs, once excited,
thermally relax, producing highly localized and adjustable
thermal loads that can be wused for hyperthermal
treatments.'3~2! In addition, local photoinduced hyperthermia
could also be applied to the localized laser-triggered release
of surface-bound or encapsulated drugs for local
pharmacological therapies.?” In this context it must also be
stressed that printing of spherical gold nanoparticles onto
various substrates (including paper) has been recently
applied to assemble analytical and diagnostic tools.”*~2* The
combination of the benefits of inkjet printing technologies
with the photothermal properties of anisotropic gold
nanoparticles can produce novel biomedical devices.
However, the investigation of photothermal properties of
such
nanoparticles printed onto flexible substrates for fabrication
of medical devices has not been described.

In this study we use a well-characterized subcategory of
anisotropic gold nanoparticles, namely, gold nanostars



(GNSs). Such a name is due to their resemblance with the
pictorial representation of stars, as they feature a core with
4-6 branches protruding from it. GNSs are prepared with
seed-growth syntheses using weakly interacting surfactants
such as lauryl sulphobetaine (LSB)*° and feature one main
intense LSPR extinction band in the NIR range (750-1100
nm), whose wavelength maximum can be sharply regulated
by synthetic conditions. Moreover, they feature a much
weaker LSPR band at 500-550 nm, responsible for the huge
surface-enhanced Raman signal (SERS).?>2° In addition,
when laser-irradiated at the wavelength of their NIR LSPR
band GNSs exhibit excellent transduction of absorbed light
into heat.’! GNSs have specific absorption rates (SARs) as
high as 80 kW/g, displaying a local increase in temperature
as high as 12 °C at a 10 nm distance from the gold nanostar
surface in aqueous solution, making them more efficient than
gold nanorods and magnetite nanoparticles in inducing
localized temperature jumps.'® Such temperature jumps are
dramatically larger when GNSs are prepared as monolayers
on dry bulk surfaces.’'*> Finally, the charge and
hydrophobicity of the GNSs coating can be finely tuned
thanks to their ability to bind a wide range of molecules with
high surface density, thus enhancing the possibility to use
them as nanosensors and/or drug delivery platforms.’>** By
choosing the proper molecular coating, e.g., a thiol-
functionalized poly(ethylene glycol) (PEG-SH), an
outstanding solubility and stability in a variety of solvents
and media is imparted to the GNS.?%*

Due to this broad spectrum of potentially useful properties,
GNSs prepared in the presence of LSB and coated with
PEGSH (average molecular weight 5000 g/mol) were
selected in this paper for ink preparation, under synthetic
conditions leading to their main LSPR centered at ~760
nm.” This work has been carried out in the perspective of
GNS inkjet printing for the manufacturing of flexible
substrates with photothermal activity for localized and
personalized photothermal medical treatments. In order to
demonstrate this possibility, pigmentcoated paper was
chosen as a printing substrate. Paper is a sustainable and
recyclable material, and its physicochemical properties
(topography, roughness, stiffness, surface energy, polarity,
porosity, and pore geometry) can be modified conveniently
by various coating materials, methods, and surface
treatments depending on the requirements of the targeted
applications.*® Therefore, for example, recently inkjet
printed plasmonic silver- or gold-based inks on paper have
emerged as a potential low-cost replacement for
conventional nanofabricated SERS devices.”*% Inkjet
printing with inks of different GNS concentrations on
pigment-coated paper substrate was carried out with
variation of drop density (8, drops/mm?) and of layer counts.
The photothermal response of the resulting patterns was
studied under NIR irradiation. In addition, the model organic
compound, the fluorescent Bodipy-thiol (BDP-SH) dye, was
bound to the gold surface, and its photothermally induced
release from the printed patterns was demonstrated.

EXPERIMENTAL DETAILS

Chemicals and GNS Synthesis. All chemicals were purchased
from Sigma-Aldrich and used as received. BDP-SH was
synthesized as reported previously.*® GNS solutions were obtained
by a seed growth synthesis with the zwitterionic surfactant, lauryl
sulfobetaine (LSB), as already described.”’ After the growth
process, GNS solutions were ultracentrifuged, the supernatant
discarded, and the GNS pellet redissolved in the starting volume of
bidistilled water, and the GNSs were coated with PEG thiols (see
description below). The detailed information about chemicals and
GNS synthesis is provided in the Supporting Information (S1
Chemicals and GNS preparation). Previous characterization studies
showed that these have average branch length of ~30 nm with
negative zeta potential, {-potential = =15 mV, in pure

water.?’

Coating of GNS with PEG-SH. GNSs were coated by
simultaneously adding 200 pL of a 10> M aqueous solution of
PEG-SH (average molecular weight 5000 g/mol) to 10 mL of a
GNS solution prepared as described above. The obtained solution
was allowed to equilibrate for 3 h at room temperature while gently
shaken on a reciprocating shaker. Excess of PEG-SH was removed
by ultracentrifugation (25 min, 13000 rpm), supernatant discarding,
and pellet redissolution in 10 mL of bidistilled water. The cleaning
cycle was repeated two more times to ensure thorough elimination
of unbound PEG-SH and LSB. The latter is almost completely
displaced also from the GNS surface after such treatment.”® The
concentration of the resulting PEGylated GNS solutions is 0.060
mg Aw/L, determined by ICP-OES as described previously.?’ More
concentrated GNS solutions were prepared using larger GNS
volumes in the PEGylation step (100 mL instead of 10 mL), and
redissolving the GNS pellet after the last ultracentrifugation cycle
in 10 or 1 mL of bidistilled water, obtaining 10-fold (0.6 mg
Au/mL) and 100-fold (6 mg Au/mL) concentrated solutions,
respectively.

Formulation of the GNS Inks. The inks were formulated by
adding 1,2-ethanediol (20% vol.) and 2-propanol (10% vol.) to the
aqueous PEGylated GNS solution (70% vol.) to adjust the viscosity
and surface tension to suitable values for inkjet printing (1.92 cP
and 40 mN/m, respectively).?’ The final concentrations of GNS
(Cgns) in the prepared inks were thus 0.042, 0.42, and 4.2 mg/mL.

Paper Substrate. A proprietary multilayer pigment-coated paper
was used as the print substrate.*>*! This paper substrate was
specially designed for printed electronics and contains a barrier
layer underneath a thin porous top coating layer consisting mainly
of precipitated calcium carbonate (PCC) pigments and a latex
binder. The top coating enhances the print resolution and adhesion
as well as reduces ink smearing. Moreover, the barrier layer
prevents the functional inks from penetrating too deep inside the
paper structure. This substrate was fabricated using commonly used
coating components in the papermaking industry. Therefore, the
substrate is recyclable like any other ordinary coated paper used in
the graphical printing industry. More detailed information about the
substrate, its fabrication, and physicochemical properties is given
elsewhere.*!4?

Inkjet Printing of GNS Inks. Inkjet printing was performed with
Dimatix Materials Printer (DMP-2800, FUJIFILM Dimatix, Inc.,
Santa Clara, USA). The printing process was performed in ambient
conditions using a single nozzle with a nominal droplet volume of
10 pL, 16 £ 3 V firing voltage, 2 kHz firing frequency, and a custom



waveform to ensure optimal droplet formation (see movie in
Supporting Information “Formation of drops”). Various drop
density values (1178 <6< 40401 drops/mm?) and layer counts (1-7)
were used to print the GNS patterns (areas, A: 1 mm?, 4 mm?, 9
mm?, and 16 mm?). Additional details about the printing process are
provided in Supporting Information (see S2 Inkjet printing of GNS
inks).

Atomic Force Microscopy. An NTEGRA PRIMA (NT-MDT,
Russia) atomic force microscope (AFM) was used for
topographical analysis and thickness determination of the inkjet-
printed GNS films. The images (1024 pixels x 1024 pixels) were
captured in intermittentcontact mode in ambient conditions using
silicon cantilevers with a nominal tip radius of 10 nm (model: NSG
10, NT-MDT, Russia). The scanning rate and damping ratio were
0.2-0.30 Hz and 0.6-0.7, respectively. Image analysis was done
using SPIP image analysis software (Image Metrology, Denmark).

Near Infrared Irradiation of Printed GNS Patterns. The patterns
were irradiated at A = 800 nm (Tsunami, Spectra Physics, CA, pulse
repetition rate 80 MHz, pulse width 200 fs). The substrate
temperature changes were monitored by means of a Thermovision
camera (FLIR, E40, USA) with supporting software. The
temperature was monitored in time on a Region of Interest (ROI)
comprising the irradiated area. The maximum temperature within
the ROI was taken as the measure of the temperature increase on
the pattern induced by the NIR irradiation, and it was followed in
time until the steady state was reached. All the temperature increase
data refer to the difference between this steady-state value,
measured under continuous irradiation, and room temperature.

Conjugation of BDP-SH onto Printed GNS Patterns. Before
exposure to BDP-SH solutions, the patterns were rinsed with
ethanol and dried with nitrogen gas. The patterns were first exposed
to 200 uL of BDP-SH aqueous solution, prepared by diluting the
stock dye solution (Cgye = 0.01 M in ethanol) with Milli-Q water at
the final dye concentration of 16 uM, for 24 h at room temperature
in the dark. Then the solution was removed from the patterns, and
the patterns were washed immediately with ethanol (5 times) to
remove the excess of dye and dried with nitrogen gas. Ethanol was
used as washing medium since the hydrophobic BDP dye is more
soluble in ethanol than in water.

Spectroscopy Measurements. The emission spectra of BDP-SH
were recorded using an Eclipse spectrofluorimeter (Varian, AU).
The detector gain (800 V) and the slits size (exc. slit 5 nm; em. slit
10 nm) were kept constant over all the measurements. BDP-SH was
excited at 525 nm, and its maximum emission intensity was
observed at 539-541 nm. The temperature control was obtained
with a Cary Temperature Controller connected to the Varian
spectrofluorimeter. Absorbance spectra of dye, bare, and
PEGylated GNS aqueous solutions were recorded using an
UV/vis/NIR spectrophotometer V-570 (Jasco, J).

RESULTS AND DISCUSSION

Properties of Bare and PEGylated GNSs. The GNSs
employed in this study were prepared using the weak LSB
surfactant as the directing agent. They are prevalently
pentatwinned branched nanoparticles as shown in Figure 1A
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Figure 1. Structural and spectroscopic characterization of GNS.
Panel A: exemplary TEM image of PEGylated GNSs and chemical
structure of employed PEG. Panel B: extinction spectra of bare
(black line) and PEGylated GNSs (red line) showing the red shift
of LSPR.

with a minor component in the product consisting in
monocrystalline  regular  4-branched GNSs.”*> The
extinction spectrum shows also a minor component at 520
nm, arising from the spherically symmetric plasmon
resonance on the nanoparticle core and two NIR components
at about 630 nm (shoulder) and 760 nm (main peak) as
shown in Figure 1B. The NIR extinction bands are due to the
resonant electron oscillations along the branches.”

Preliminary spectroscopic analysis of bare (uncoated)
GNSs in the ink medium indicated instability and tendency
to aggregate, as typical for uncoated gold nanoparticle
solutions when solvents different from water are added. This
could lead to nozzle clogging during inkjet printing, and such
formulations were discarded. In order to increase the stability
and prevent aggregation, GNSs were coated with PEG thiols
(see formula in Figure 1). PEG thiols are frequently used as
coatings for gold nanoparticles to increase the stability,
dispersibility, and biocompatibility of the particles for both
in vitro®* and in vivo applications.*> GNSs coated with
PEG-SH become soluble in a variety of solvents, from water
to hydrophobic ones,” due to the amphiphilic nature of the
poly(ethylene glycol) chains. PEG-SH coating causes LSPR
of GNSs to red-shift ~10 nm, due to the slight local increase
in the refractive index related to thiols grafting on the gold
surface.”” GNSs coated with PEGSH are stable even after
repeated ultracentrifugation cycles and show long time
stability in the water/2-propanol/1,2ethanediol media used to
prepare inks. No spectral changes or precipitation were
observed over time (more than 3 weeks), indicating good
stability of these formulations.

AFM Topographical Characterization of the InkjetPrinted
GNS Patterns. The GNSs were inkjet printed on the PCC-
coated paper using inks with increasing GNS concentrations,
from 0.042 to 4.2 mg/mL. The PCC-coated paper (Figure 2),
employed here as the printing substrate, offers suitable
nanoporosity (~average pore diameter 90 nm, top coating
thickness <10 pm) to allow partial penetration of the ink into
the top coating matrix. This feature increases the adhesion



Figure 2. (a) Small-scale AFM topographical image of the paper substrate showing the rod-like PCC pigment particles. (b) Small-scale AFM
topographical image showing that the PCC pigment particles are still clearly visible after printing a single layer with 6 = 40401 drops/mm?

and Cgns of 4.2 mg/mL. (c) Small-scale AFM topographical image of the surface-bound GNS film obtained by printing 6 layers with & =

40401 drops/mm?and Cgns = 0.42 mg/mL.

and prevents the GNS to be totally immersed deep into the
base paper.”? The coverage of the paper varied with the
concentration of GNS in the inks, with the drop density (8)
and with the number of printed layers. A fully covering GNS
film was not achieved by a single printed layer, even when
using the highest print density (6 = 40401 drops/mm?) and
the highest tested GNS concentration in the ink. The AFM
topography of the paper substrate after printing of a single
GNS layer (Cens = 4.2 mg/mL, § = 40401 drops/mm?) shows
only randomly oriented rod-shaped PCC pigments with size
of 0.5- 1.5 um with no clear indication of surface-bound
GNS layer (Figure 2b), and this is very similar to the AFM
topography of the bare paper (Figure 2a). This indicates that
most of the GNSs have penetrated inside the PCC matrix.
However, due to the coffee stain phenomenon there is a
thicker layer of GNS accumulated at the edge of the pattern.
This is clearly seen in the optical image as a golden color at
the edge compared to the dark middle area (see Supporting
Information, Figure S1). The thicker area is also observed in
the middle of the AFM image as a more blurred area, where
the PCC pigments are not so clearly visible due to the
presence of a higher amount of GNS near the surface (see
Supporting Information, Figure S1). Clearly observable
surface films of GNS were only obtained when multiple
layers were inkjet printed on the same area. Figure 2¢ shows

an example of a fully covering GNS film (obtained by
printing 6 layers with & = 40401 drops/mm? and GNS
concentration of 0.42 mg/mL) where the details of the PCC
matrix are no longer visible.

SEM images of printed GNS patterns (see Supporting
Information, S4) follow the trend observed in AFM images
(for example PCC pigments are still clearly seen for patterns
printed with a single print layer with § = 40401 drops/mm?
and Cons of 4.2 mg/mL).

NIR Irradiation of Printed GNS Patterns. The laserinduced
photothermal response of printed GNS patterns (dry,
exposed to air at room temperature) was obtained by
irradiating with a NIR laser tuned at A = 800 nm, i.e., near to
the NIR LSPR (absorption maximum is 770 nm) of the
PEGSH-coated GNS. A steep temperature increase turning
into a plateau after 15 s was observed in all cases®! (see
Supporting
Information, S5). The observed temperature jump, ATmax, is
the difference between the plateau temperature and the
starting (room) temperature. Figure 3 shows how ATmax of
the printed patterns increases with the laser power, and these
results are in agreement with previous observations.'®2!4% In

fact, we have previously reported that aqueous solutions of
GNSs, when
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Figure 3. Dependence of temperature increase of GNS pattern
printed on PCC paper substrates with inks at different nanoparticle
concentration as a function of the NIR laser intensity: Cons = 0.042
mg/mL, 121203 drops/mm? (open squares); Cgns = 0.42 mg/mL,
121203 drops/mm? (open circles); Cons = 4.2 mg/mL, 40401 drops/
mm? (open triangles). The lines are the best linear fit to the data with
eq 3. Insets: (a) reports the same data as a function of the
concentration globally fit to eq 4b. (b) Shows the behavior of the
best fit parameter B, which is linear in (Iexc)™!, as expected. The error
bars are within the point size. The best fit parameters are discussed
in the text.

irradiated at A = 800 nm and at an irradiance lexe= 14 W/cm?,
undergo an increase in temperature with ATmax = 30 °C.'8
What is observed here is also very similar to what we have
already described when irradiating dry GNS monolayers on
a glass surface.’?> However, as it clearly seen in Figure 3, we
are able to reach a significantly higher temperature jump on
the printed GNS patterns even at much lower laser intensities
(Iexe < 0.8 W/cm?), due to the absence of the thermal
dissipation from the bulk solvent (water) that has a high
thermal capacity. As a comparison, control experiments
performed by irradiating the blank paper substrate at the
same laser intensities showed an almost negligible
photothermal response (AT < 0.4 °C). A measurable thermal
load (ATmax > 20 °C) was obtained even from the GNS
patterns printed with the lowest concentration ink. Indeed,
the photothermal effect (ATmax) is a function of both laser
intensity and the ink concentration. The dependence on the
laser intensity is well described by a linear trend up to lexc =
0.6 W/cm?, and then a saturation effect appears suggesting
the balancing effect of two mechanisms. At low irradiation
intensity, we can assume that the temperature increase ATmax
is given by eq |

ATmax ~A :Ilexc(l - eCsAx) :ﬁ]exc (1) where Al is the loss
in excitation intensity due to nanoparticle absorption, written
here as the difference between the excitation and the
transmitted beam; C is the GNS concentration in inks; AX is
the layer thickness; and € is related to the absorption cross
section of GNS. Equation 1, however, would predict a linear
behavior as a function of ILexc for all the intensity range. A
second mechanism that can drain heat from the irradiated
GNS layer is due to the exchange with the surrounding
environment. The experimental maximum temperature

increase would then be given by an implicit eq 2 that, at the
first order, can be stated as

AT:"E; = ATmax - Keff(T) AT;xa}; (2)

where keri(T) is an effective adimensional parameter, related
to the thermal conductivity of the environment divided by
the mass and the specific heat of the GNS, for unit time and
area. Its temperature dependence, primarily due to the air
thermal conductivity, can be obtained by a series expansion
asafunctionofthetemperatureincrease,

_ 0 Okeii(T) 2
Kesi(T) = Kefp + oT AT + o(AT ), that inserted in eq 2

leads to eq 3

A
exp Tmax ,B]exc
m ) a
L+ kg + SEAT,, 1+ K+ 52
AT = =
Texc
Klexc
1+ Iexc/]sat (3)

The solid lines in Figure 3 are the best fits of eq 3 to the data
collected as a function of Iexc. It has to be noted that at low

intensities,ATmax™? = Klexc = (1 e )lexe. The slightly

different initial slopes of the data in Figure 3 indicate that the
linear coefficient K does not have a marked dependence on
the GNS concentration, even when it spans 2 orders of
magnitude (0.042 mg/mL < C £ 4.2 mg/mL). By combining
eq | and eq 3, we can describe also the dependence of
ATmax®*P upon the concentration C

ATexp = Iexc(l — €-ACe x)

max 0 Okore
1+ Keff ;&Iexc(l — - ACS)C)

( 1 — e—CeAx)
1+ K:}f ok Toxe

+ a_eff(l _ e—CeAx)

T (4a)

The maximum temperature increase (inset in Figure 3a) at
different excitation intensities is globally fitted to eq 4a as a
function of the concentration by means of the trial function
1 —e-uc
ATmax=_____ _4C
B+D(1—-e ) (4b)

A and D can be determined as shared parameters, and B =

1+xo

«ris determined for each set of intensity data. In
particular,

Iexe
as shown in Figure 3b (inset), the B parameter scales
inversely with the excitation intensity as expected. The value



of A (30 = 11. l/g) is consistent with an absorption cross
section in the range =107 cm? < ¢ < 107 ¢cm? when an
average thickness value is assumed to be about 1 um. This
value is consistent with the highest value (=4 x 107!% cm?)
computed with the Discrete Dipole Approximation method
for nonspherically symmetric gold nanoparticles.*’ The term
D, related to the temperature dependence of the air thermal
conductivity, is positive as expected.”® However, this
parameter is poorly determined from the fit to eq 4b since it
multiplies the absorption term 1 - €€, which is non-
negligible only for the lowest ink concentration C = 0.042
mg/mL.

Marked nonlinear responses appear also when studying
the impact of increasing of drops density values on the
photothermal effect of printed GNS. We have investigated in
detail the patterns printed with inks at the lowest and the
highest concentration of GNS with different amounts of
printed drops/ mm?, and the results are reported in Figure 4.
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Figure 4. Increase of the temperature measured on the patterns
under NIR irradiation as a function of the drops density 6
(drops/mm?) used to print GNS patterns. The GNS ink
concentrations were: Cgns = 0.042 mg/mL (circles) and Cons = 4.2
mg/mL (squares); laser intensity 0.36 W/cm?. The solid lines are
the best fit of eq 4 to the data. In the inset, the same data are plotted
in a logarithmic scale in order to show the low drop density region
in a clearer way. The error bars are within the point size.

The thermal response increases also with the drop density,
6 (i.e., when decreasing the drop spacing). The nonlinearity
appears already for 6= 10000 drops/mm? (for Cons = 4.2 mg/
mL) and for § = 25000 drops/mm? (for Cans = 0.042 mg/
mL). It is noteworthy that also these sets of data can be fit to
eq 4b in which the fitting parameter is an effective
concentration related to the drop density 6.

Since a substantial photothermal effect is observed under
NIR irradiation even for patterns that do not correspond to
full coverage of the paper with GNS (as seen in Figure 2b),
it can be concluded that the presence of the full GNS film is
not necessary to have a significant local temperature increase
on NIR irradiation. Nevertheless, the presence of full
coverage could be important to allow a more abundant
grafting of molecules on the printed patterns, capable to
subsequently undergo a switchable release triggered by
irradiation, as illustrated below.

Release of BDP-SH Dye Bound to the Printed Gold Surface
under NIR Irradiation. Besides the direct thermal effect of
printed GNS patterns under NIR irradiation, we studied also
the possibility to thermally induce the release of molecules
from the printed gold surface triggered by the NIR
irradiation. For this purpose the fluorescent Bodipy dye with
terminated thiol group was chosen as a model compound.*®
This choice is justified by the good stability of Bodipy dyes
in aqueous solutions and by their high fluorescence quantum
yields.*® The chemical structure of the dye is shown in
Scheme
1.

In a previous work, we demonstrated that the release of
BDP from the surface of GNS cocoated with PEG-SH and
BDP-SH is induced in an aqueous solution either by bulk
heating or NIR irradiation.*® In the present study BDP-SH
was conjugated to the printed gold pattern via a thiol-
exchanging process that occurred by dipping the printed
GNS patterns in an aqueous solution containing excess BDP-
SH dye and promoted by the less hydrophilic character of
BDP-SH with respect to PEGSH.***° It has to be noted that
such an approach is possible due to the resistance of PCC-
coated paper to water imbibition.

Scheme 1. Chemical Structure of BDP-SH Dye
O~ NH < ~SH

The amount of bound dye was estimated from the
difference of absorbance between BDP-SH solutions (200
pL) before dipping and after removing the paper sheet (4
mm?) featuring the gold patterns. The absorbance spectra
were measured 5 times in each case. The GNS patterns
printed on PCC substrates with ink concentration Cons=0.42
mg/mL (& = 20402 drops/mm?) and Cons = 4.2 mg/mL (& =
20402 drops/ mm?) were employed for this experiment. The
amount of dye bound onto the printed gold surface was 760
(¥2) pmol and 1020 (¥2) pmol, for the two substrates,
respectively. These values correspond to approximately 0.38
pg and 0.51 pg of dye bound on the two samples,
respectively. The surface density, referred to the printed
paper area (4 mm?), is 1.14 x 10'® and 1.53 x 10'
molecules/cm?, with a dramatic increase of 2 orders of
magnitude with respect to the 1.2 x 10" molecules of
BDPSH that were found to be grafted on a monolayer of
spherical silver nanoparticles adhering to a flat glass
surface.’® Such an increase is particularly interesting in the
perspective of loading and releasing considerable drugs
quantities. It is due to the multilayered nature of the printed
GNS patterns, indicating that also the underlying GNS can
be reached by the soaking solution and be loaded by a
molecule equipped with a proper grafting group.



First, the dye release from the printed GNS surface was
induced by bulk heating. The patterns were put in cells and
covered with 100 pL of water (approximately 2 mm of water
depth). The samples were then heated in a thermostat at 42
and 60 °C. The paper sheets with the printed patterns were
removed, and the emission spectra of the water solution were
collected at 20 °C, allowing us to detect the amount of the
dye released as supernatant according to the calibration
curves reported in the Supporting Information (see sections
S6 and S7). The amount of released BDP dye from GNS was
found to be proportional to the heating temperature and
duration, as found previously for bulk GNS solutions.*® As
an example, exposure at 42 °C for 40 min led to the release
of 13.6 = 1% of the grafted BDP-SH from patterns printed at
20402 drops/ mm? with Cons = 0.42 mg/mL.

The spontaneous release of weakly bound dye can be
excluded by the following control experiment. Printed GNS
patterns with bound dye and covered with water were stored
under ambient conditions. Emission spectra were recorded at
regular intervals, indicating less than 2% of dye release
during long observation time (4 days). This confirms that
washing with ethanol removed the BDP-SH molecules
possibly adhering to the printed surface by nonspecific
hydrophobic interactions instead of Au-S bond formation.

Nonspecific adsorption of dye to the bare paper surface
could also impact the evaluation of the dye release.
Therefore, samples of bare PCC paper (4 mm?) were
incubated overnight in BDP solutions with the same
concentration of dye, then washed with ethanol 5-6 times,
and dried (~100 pmol of adsorbed dye before the washing
step). Some BDP dye molecules can still be found inside the
porous paper structure even after this repeated washing
procedure, as was confirmed by fluorescence microscopy
imaging. However, when the samples were put back into the
incubation wells, covered with 100 puL of water and heated
for 15 min at 42 °C, very low values of released dye (<1.2%
in comparison with values of released dye from printed gold
surfaces) were observed in the supernatant. This leads to the
conclusion that even nonspecific adsorption of dye took
place, and no thermally triggered release of BDP molecules
occurred in the case of bare paper.

Fluorescence microscopy images of GNS patterns (C =
0.42 mg/mL, & = 30603 drops/mm?) taken before and after
the dye release experiments (see Supporting Information,
S8) provide additional evidence of the thermally triggered
release of the organic dye from the GNS pattern. The amount
of released dye can be estimated from the fluorescence
confocal images of the BDP bound to the GNS patterns. To
this purpose, we compared the average signal found in
Regions of Interest (ROI) on the incubated patterns to those
selected on the patterns after heating (15 min, 42 °C). An
average value of 30 + 10% has been obtained by averaging
up to 4 ROIs in 3 different fields of view in both conditions.
This value is higher than the value obtained from the
measurement of the fluorescence signal from the 100 pL

supernatant (17 * 2%) due to the dye stuck into the paper
substrate that does not contribute to the releasable fraction.

The release of BDP from the printed GNS surface was also
induced by NIR laser irradiation of the patterned paper
substrates. As in the previous case, we used printed patterns
covered with a thin layer of water (typically: 100 pL on a
printed area of 4 mm?). All measurements were collected 5-6
times on different samples to evaluate the standard error. The
percentage of the released BDP-SH (£0.45%) obtained in
this way is summarized in Figure 5.
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Figure 5. Dependence of NIR-triggered dye release as a function of
the irradiation intensity (laser exposure 20 min). The GNS patterns
were printed from inks with concentrations Cgns = 0.42 mg/mL, 6
= 20402 drops/mm? (open squares), and Cgns = 4.2 mg/mL (6 =
20402 drops/mm? (open circles)). The solid lines are the best linear
fit to the data with slopes: 30 (1) %/[W/cm?] and 47 (£3)
%/[W/cm?].

It is clearly seen that in the case of higher concentration of
printed GNS higher fractions of released BDP dye can be
reached and correspond to approximately 0.15 pg of dye
overall released with a release rate of about 0.45 ug/h. It is
noteworthy that at I = 0.4 W/cm? the fraction of released dye
increases by 1.5 times with concentration, while the
temperature increases only (see Figure 3) by a factor of 1.2.

A 2-orders of magnitude larger quantity of dye can be

grafted (and released) from a monolayer of noble metal
nanoparticles.
However, the maximum amount of dye released by NIR
irradiation in our experiments (0.15 pg corresponding to the
release rate of ~0.45 pg/h) is still significantly lower than the
doses of drugs obtained in commercial transdermal patches.
For example, patches loaded with buprenorphine are
designed to passively deliver 35, 52.5, or 70 ug h™! of the
drug with a maximum dose of 3.36 mg/day.™

In our current study local heating and an active release of
the model dye are obtained. The amount of released
compound seems to be limited mostly by the capability of
loading onto the GNS patterns, due to thiol-exchanging
process between PEG and BDP dye. Therefore, our studies
are now aimed to the attainment of bare printed GNS surface
thanks to postprinting treatment. In addition, the GNS
density on the patterns can also be improved by changing the
printing parameters, e.g., by increasing the printed area and
the drop density. Printing polydimethylsiloxane (PDMS)



barriers around patterns could also help to avoid the contact
of targeted molecules with unprinted substrate, avoiding
unnecessary dye adsorption to the paper.

CONCLUSION

In the present work stable GNS-based inks were successfully
printed onto pigment-coated paper substrates. The resulted
printed patterns showed a significant photothermal effect
under NIR irradiation. This photothermal response is much
higher with respect to previously studied GNS monolayers
on glass surfaces.’! Indeed, we are able to achieve a
temperature =45- 47 °C (temperatures typically used for
hyperthermal treatments in medicine) using low laser
intensities (I = 0.2 W/cm?) within permitted limits for skin
irradiation (I < 0.3 W/cm?).>! Notably, it is possible to reach
pronounced photothermal response of gold patterns printed
even with very low GNS concentration (Cons = 0.042
mg/mL) inks. Moreover, as we show here for a model
fluorescent compound, BDP-SH, NIR irradiation at A = 800
nm triggers the release of substantial fractions (=30%) of
molecules bound to the printed GNS surface. Our future
research will be focused on the improvement of drug loading
and their active release from patterned gold surfaces by
external application of NIR radiation.
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