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T
he possibility of destroying tumor
masses by thermal effect is a safe
and nontoxic strategy that can be

associated with the current anticancer tech-
niques, such as chemotherapy and radio-
therapy.1 Hyperthermia is a thermal thera-
peutic strategy against cancer introduced in
the early 1970s, based on the induction of
cell death caused by a temperature rise of
the tumormass above 43 �C, maintained for
several minutes. Heat has a destructive
effect on tumor masses because of a lower
heat dissipation compared to normal tissue,
caused by poor vascularization due to un-
controlled replication of cancer cells,2 with a
consequent increase of the thermal dam-
age toward malignancy rather than healthy
tissues.3 In clinical practice, hyperthermia
is used in combination with traditional
therapeutic strategies (chemotherapy and

radiotherapy).4 The heat is generated in the
target area by using microwave or radio-
frequencies applicators inserted within
the tumor mass by surgery (interstitial
hyperthermia),5 or by using complex devices
that concentrate the radiation within an
area in depths of the body (regional and
part-body hyperthermia).6 However, hyper-
thermia and subsequent cell death induc-
tion is not the only feasible heat treatment
against cancer. Thermal ablation uses heat
to induce different biological effects in tis-
sues: protein denaturation and cell mem-
brane stress (T=50�60 �C), coagulation and
necrosis (T> 60 �C), tissue carbonization (T>
100 �C), pyrolysis and vaporization of solid
tissue (T > 300 �C).7 All tissues, even cancer-
ous lesions, can undergo coagulation by
one of these mechanisms, since they are
not mediated by biochemical processes.
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ABSTRACT We report on the fabrication and characterization of a freestanding ultrathin,

mucoadhesive gold nanoshell/polysaccharide multilayer nanocomposite (thermonanofilm,

TNF), that can be used for controlled photothermal ablation of tissues through irradiation with

near-infrared radiation (NIR) laser. The aim of this work is to provide a new strategy to

precisely control particle concentration during photothermalization of cancerous lesions, since

unpredictable and aspecific biodistributions still remains the central issue of inorganic

nanoparticle-assisted photothermal ablation. Gold nanoshell encapsulation in polysaccharide

matrix is achieved by drop casting deposition method combined with spin-assisted layer-by-layer

(LbL) assembly. Submicrometric thickness of films ensures tissue adhesion. Basic laser-induced

heating functionality has been demonstrated by in vitro TNF-mediated thermal ablation of human neuroblastoma cancer cells, evidenced by irreversible

damage to cell membranes and nuclei. Ex vivo localized vaporization and carbonization of animal muscular tissue is also demonstrated by applying TNF

onto tissue surface. Thermal distribution in the tissue reaches a steady state in a few seconds, with significant increases in temperature (ΔT> 50) occurring

across an 1 mm span, ensuring control of local photothermalization and providing more safety and predictability with respect to traditional laser surgery. A

steady-state model of tissue thermalization mediated by TNFs is also introduced, predicting the temperature distribution being known the absorbance of

TNFs, the laser power, and the tissue thermal conductivity, thus providing useful guidelines in the development of TNFs. Thermonanofilms can find

applications for local photothermal treatment of cancerous lesions and wherever high precision and control of heat treatment is required.
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Consequently, the noninvasiveness and efficacy of
thermoablative procedures depends on its selectivity
toward cancer cells. Continuous or pulsed collimated
laser light, (as in PLA, percutaneous laser ablation),8

radiofrequencies (RFA, radiofrequency ablation)9 and
focused ultrasound waves (HIFU, high intensity fo-
cused ultrasound)10 can provide irreversible thermal
damage to cancer cells.
Nanotechnology, with the development of new

smart materials, is paving theway for the development
of innovative thermal therapeutic strategies against
cancer.11 Superparamagnetic iron oxides nanoparti-
cles (SPIONs) can be accumulated in tumor tissue
exploiting its enhanced permeability and retention
effect (EPR) to macromolecules and nanoparticles.12

Hyperthermia of SPION retaining tissues is achieved by
magnetization hysteresis losses due to the delay in
alignment of the magnetization of single domain parti-
cles to an alternating external magnetic field in the
radiofrequencies. This technique, called magnetic fluid
hyperthermia (MFH), was first presented in a pioneering
work by Gordon.13 The development of accurate ther-
mal models and particle surface modification processes
has allowed successful clinical trials of MFH.14�18

Tissue heating can be achieved exploiting localized
surface plasmon resonance (LSPR) occurring in metal
nanocrystals since electron�phonon relaxation causes
heat conversion of absorbed light energy.19 Light
absorption by LSPR can be tuned bymodifying particle
size and morphology.20,21 As an example, by varying
gold nanorod aspect ratio and gold-silica nanoshell
core-to-shell ratio it is possible to shift the absorption
peak to near-infrared (NIR) wavelength (λ = 700�
900 nm), obtaining a photothermal effect under NIR
laser irradiation.22,23 The low absorption coefficient of
water and biological tissue toward near-infrared light24

can be exploited to induce noninvasive phototherma-
lization through nanocrystals retained in deep lesions.
In a series of works by the group of Jennifer L. West, the
efficacy of nanoshell-mediated photothermalization
has been demonstrated. Once irradiatedwith NIR laser,
gold-silica nanoshells are able to destroy human breast
carcinoma cells, murine colon carcinoma cells, and
human glioma cells, both in vitro and in vivo in
mice.25�27 Tissue selectivity can be increased to a
certain extent by surface functionalization with target
ligands28,29 and encapsulation inside nanocarriers.30,31

However, the effective dynamic biodistribution of in-
organic nanoparticles in vivo remains a complex as-
pect, which is still not completely understood.32

Particle transport in vivo results from various processes
and phenomena, as pressure gradient, extravasation
from the vascular circuit, diffusion and convection
inside extracellular matrix, and cell internalization
(endocytosis).33 During their passagewithin the blood-
stream, particles can undergo clearance by the reticu-
loendothelial system (RES) or can accumulate in

nonspecific regions of the body.34 Biodistribution stud-
ies in rats and mice of gold nanoparticles and other
engineered nanomaterials showed that maximumpar-
ticle concentrationwas found in blood, lungs, liver, and
spleen.35�37 Control of particle concentration and dis-
tribution in cancer tissue still remain a major issue in
the clinical application of inorganic nanoparticles.38,39

In nanocrystal-mediated ablation, the heterogeneous
distribution and the inability to readily visualize and
quantify particles pose further problems in dosimetry
and photothermal modeling.40

The use of a nanocomposite implant with controlled
particle density could improve the therapeutic efficacy
of nanocrystal-mediated photothermal ablation, ham-
pering unspecific biodistribution of particles and im-
proving the control of particle concentration in lesions.
NIR-absorbent metal nanocrystals could be incorpo-
rated in a free-standing bioadhesive film to obtain
stable contact with the surface of a tumor mass. More-
over, NIR-laser exposition can enhance adhesion of
such a film in order to improve immobilization in the
desired area.41 Free-standing nanofilms (NF) are poly-
mer films characterized by a thickness of tens of
nanometers and lateral sizes in the centimeter range.
Their high aspect ratio results in a very low bending
stiffness and in an improved adhesion to all kinds of
biosurfaces.42 Various reports propose the biomedical
application of polymeric nanofilms as easy-to-handle
ultrathin plasters, withwound repairing properties, as a
tissue engineering scaffolds for biohybrid actuators, as
targeted drug delivery systems and ultraconformable
smart interfaces.43�49 Nanocomposite, free-standing,
ultrathin polymer films incorporating nanoparticles
can be fabricated by spin-assisted coating of stable
dispersions of nanoparticles or as layer-by-layer (LbL)
assemblies of alternating polyelectrolytes and charged
particles. Carbon nanotubes, metal nanoparticles,
SPIONs, and nanoclays are some of the inorganic fillers
expolited.50�56

The aim of this work is to develop a stable, flexible,
and ultrathin polymeric platform based on a LbL
assembly of polysaccharides incorporating gold nano-
shells. This composite could improve particle manip-
ulation and density control in nanocrystal-mediated
photothermal ablation and hyperthermia. Moreover,
bioadhesive properties of polymeric ultrathin film
would allow stable adhesion to the wall of an organ
or of a mucosal tissue affected by cancer disease, thus
hindering particle unspecific biodistribution. Nano-
composite thermonanofilms (TNFs) were fabricated
as ultrathin flexible membranes using biocompatible
and mucoadhesive polysaccharides (sodium alginate
and chitosan) and poly(vinylpyrrolidone) encapsulat-
ing gold nanoshells.
Photothermal effect of TNFs was characterized, and

their ability to destroy cancer cells by vaporization was
evaluated on human neuroblastoma cell cultures.
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Finally, in order to predict the temperature profile, a
model of particle-mediated tissue heating was intro-
duced, which also provided a deeper insight into the
obtained results.

RESULTS AND DISCUSSION

Thermonanofilm Morphology. The nanocomposite ther-
monanofilms have been developed by drop casting of
gold core�shell nanoparticles (Au@SiO2) on a self-
assembled electrostatic layer-by-layer thin polymeric
films based on alternating layers of chitosan and
sodium alginate (ChiAlg-LbL) and released in liquid
by using supporting layer technique (see Figure 1 and
experimental section for further details). Freestanding
films could be recollected on a copper grid while
retaining their structural integrity (Figure S1, Support-
ing Information). In order to promote the adhesion of
core�shell nanoparticles with layer-by-layer film, poly-
(vinylpyrrolidone) (PVP) is used as particle coating.
Since PVP and chitosan can assemble in gels through
hydrogen bonding,57 the coated core�shell nanopar-
ticles (Au@SiO2�PVP) exploit this interaction showing
a better adhesion to the substrate. The fabrication
process, based on encapsulation of gold nanoshells
via drop casting in a layer-by-layer assembly, has been
chosen in order to better control nanoparticles con-
centration and distribution inside the nanofilm. Drop
casting of particles onto the surface of the nanofilm
ensure good control of gold nanoshells deposition at
high concentration, a key point to control thermaliza-
tion process. Other spin coating procedures already
presented in the literature do not allow fine control of
particle quantity and arrangement inside the film,
especially at high nanoparticle concentration. More-
over the spin assisted layer-by-layer provide, with respect
to direct spin coating deposition, a superior thickness
controllability, making possible a better compromise
between film thickness (adhesive properties) and film
mechanical properties.

Casting deposition from 0.05 mg mL�1 dispersions
produced stable and spatially homogeneous adhesion

of Au@SiO2�PVP on top of ChiAlg-LbL, even after two
spin washing steps and further deposition of 10.5
chitosan and sodium alginate layers, with a total sur-
face coverage of 11 ( 1% (Figure 2A). We refer to this
sample as TNF1x.

Castingmoreconcentrateddispersions (0.5mgmL�1)
on ChiAlg-LbL led to substantial increase in particle
surface coverage (about 29 ( 2%), but smaller than
expected if we consider that the particle amount is 10
times higher than in TNF1x samples. This is probably
due to edge effect of drop casting procedure that led
to a greater accumulation and aggregation of particle
at the border of the samples. We refer to this concen-
trated sample as TNF10x (Figure 2B).

It is important to report that we found that the
casting procedure is quite sensitive to several param-
eters (substrate surface roughness, annealing pro-
cesses, presence of impurity, etc.), and in particular to
the nanoparticle aging. We have in fact experienced
that the use of aged nanoparticle (e.g., fewweeks aged)
led to the formation of very inhomogeneous particle
dispersion and strong particle aggregation. In fact,
casting concentrated dispersions of aged nanoparticle
(0.5 mg mL�1) on ChiAlg-LbL led to a drastic reduction
of particle surface coverage (about 15 ( 2%), with
respect to the homogeneous TNF10x sample, due to
the precipitation of big nanoparticle clusters. We refer
to this inhomogeneous sample as TNF10xA (Figure 2C).

Particle clustering for TNF10xA was confirmed by
AFM scans (Table 1) showing the formation of particle
aggregates with an average area of 1.3 μm2. Clusters
contributed to 97% of surface coverage due to nano-
shells. However, maximum height of clusters was
found to be lower than 500 nm, probably due to
removal of larger clusters by spin washing and sub-
sequent spin deposition of polysaccharides.

In case of aged particles the addition of poly(vinyl
alcohol) (PVA) to the concentrated dispersions im-
proved the stability of the colloids, reducing the for-
mation of clusters and resulting again in a homo-
geneous particle adhesion with a surface coverage of

Figure 1. Preparation scheme of free-standing thermonanofilms and snapshot of nanofilm freestanding in water.
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28 ( 3% (sample TNF10x with PVA, Figure 2D). En-
hanced colloidal stability during casting procedurewas
confirmed by AFM images, which revealed a drastic
decrease in cluster size, confirmed by an average
cluster area of 0.36 μm2, substantially decreased re-
spect to TNF10xA sample, due to PVA addition to the
dispersant medium. It is important to highlight that
TNF10x preparedwith fresh nanoparticles or with aged
nanoparticles adding PVA indeed show similar proper-
ties (See Table 1 and Table S1, Supporting Information).

Since nanofilm adhesion to solid surfaces and
mucosal tissues strongly depends on its thickness
and surfacemorphology (filmswith an average thickness
higher than 200 nmandmicrometric features tend to slip
and to detach from surfaces after the application),43 all
studied nanofilms have an average thickness lower than
150 nm and a nanometric average surface roughness
(see Table S1, Supporting Information).

Freestanding TNFs are obtained adding, as final
fabrication step, a thick PVA layer that makes possible

Figure 2. Morphological characterization of a TNF. SEM images of TNF1x (A), TNF10x (B), TNF10xA (C), and TNF10x with PVA
(D) with a magnification of 3.9 kX (scale bars 10 μm). Inset images are referred to the same sample with a magnification of
11.3 kX (scale bars 4 μm). AFM scans of TNF1x (E), TNF10x (F), TNF10xA (G), and TNF10x with PVA (H) confirm particle
arrangement and clustering inside polysaccharide matrix and enhanced homogeneity of particle disposition in the case of
TNF10xA (scale bars 2 μm).
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their peeling-off from the silicon substrate and the
release in water. Once the PVA supporting layer was
completely dissolved, TNFs were mechanically stable,
ultraconformable, and flexible, so that they were un-
damaged even after aspiration and ejection with a
glass pipet.

Thermonanofilm-Mediated Heating of Solid Surfaces. TNFs
can be easily recollected from water on several sub-
strates. Once dried they show strong adhesion to the
substrate, even after subsequent water immersion or
rinsing processes. An alternative way to apply the TNFs
to different substrates is to put them (with the PVA
supporting layer) in contact with the surface, and then
to proceed to the dissolution of the supporting layer
withwater. In order to evaluate the photothermal func-
tionality, a TNF was recollected on polystyrene (PS)
substrate and then exposed to 785 nm NIR laser. Ab-
sorption spectrum of gold nanoshells indicates strong
absorbance at the excitation wavelength (Figure S2,
Supporting Information). Laser exposure generates
deformation of the interested area (Figure 3A�D),
indicating alteration of PS physical properties, already
after 1 s, a shorter time than that one required to
achieve quasistatic thermal conditions on the irra-
diated area (∼10 s). An increase in laser power ex-
tended the affected area, confirming the possibility to
control heating and surface morphology changes.

AFM scans of irradiated sites confirm PS deforma-
tion, with material build-up on the sides of the exposi-
tion spot affecting the PS surface (<3 μm) due to
polymer softening and subsequent cooling, and indi-
cate a narrowly localized heating (Figure 3H). Polysty-
rene glass transition temperature is 100 �C;58 however,
thermal imaging underestimates photothermal effect,
since the maximum temperature measured after
reaching a thermal steady state was lower than 60 �C
in all cases (Figure 3E). The effect is due to the limited
thermal camera resolution (22.3 μmpx�1), to the lower
irradiation angle in the case of thermal imaging, and
finally to the difficulty in focusing a very thin heating
layer. Nevertheless, it is worth noting that the variation
in maximum temperature recorded on thermal frames
linearly increases with nominal laser power (Figure 3E),
indicating a very precise tuning of the photothermal
effect. Temperature rise in TNFs adherent to solid
surface can be as fast as 200 �C s�1, so that surface
deformation occurs in less than a second. This allows a
controlled dynamic irradiation of TNFs on PS surfaces,
performed by moving the microscope stage in pre-
determined paths (Figure 3F,G). The features of the
thermally impressed paths depend on laser power,
distribution and concentration of gold nanoshells in
the TNF. Patterns impressed on TNF10xA samples
are characterized by irregular width and by the pres-
ence of discontinuities, due to particle clustering
and inhomogeneous particle dispersion, with cluster
separation distance comparable with the laser spot size
(Figure 3F). TNF10x irradiation results in regular, con-
tinuous impressions thanks to themore homogeneous
arrangement of gold nanoshells within the polymer
matrix during solvent evaporation. The higher particle
surface density increases absorption and consequent
photothermal effect, resulting in a wider melted area.
Surface thermalization mediated by TNFs can be per-
formed by finely tuning the temperature with laser

Figure 3. Effects of NIR laser exposition onto thermonanopatch. (A�D) Optical microscope images of a PS supported TNF10x
exposed for 1 s to 20 (A), 30 (B), 40 (C), and 50 mW (D) NIR laser (λ = 785 nm) (scale bars 20 μm). (E) Maximum temperature
increase dependence on nominal laser power for a PS supported TNF10x; dashed line is a linear fit. (F,G) Optical microscope
images of a geometrical shape generated after dynamic laser exposition (25 mW) of a TNF10xA nanofilm (F) and of a TNF10x
nanofilm (G) adherent onto a PS surface (scale bars 40 μm). (H) 3D rendering of an AFM scan over a PS deformation generated
by laser exposure (50 mW) of a supported TNF10x.

TABLE 1. Nanoparticle Clusters Arrangement Inside Poly-

saccharides Matrix

sample

Au@SiO2�PVP

surface coverage [%]

surface coverage

due to clusters [%]

average cluster

area [μm2]

TNF1x 11 ( 1 65 ( 3 0.12 ( 0.02
TNF10x 29 ( 2 93 ( 2 0.38 ( 0.02
TNF10xA 15 ( 2 97 ( 3 1.3 ( 0.8
TNF10x þ PVA 28 ( 3 91 ( 3 0.4 ( 0.1
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output power and directing the photothermal effect in
desired areas of the TNF with a micrometric resolution.

Thermonanofilm-Mediated Heating of Neuroblastoma Cancer
Cells. A cell viability assay has been carried out in order
to show the effect of TNF-mediated thermalization in

vitro followingNIR laser irradiation. For this test, human
neuroblastoma cells have been exposed to NIR laser in
the presence of gold nanoshell-loaded nanofilm; as
negative control, unloaded nanofilm has been used.
Figure 4A,E shows as laser effect attenuates green
fluorescence intensity (due to calcein, which labels
viable cells) and also causes damage to the nanofilm
structure (as it is possible to notice by the swelling of
the polymeric matrix distorting the green fluorescence
signal). These effects demonstrate the ability of TNF to
increase the temperature in the cell culture medium
under NIR laser exposure. Moreover, by looking at
Figure 4B,F, it is possible to notice a drastic increment
of red fluorescence signal due to EthD-1 (that labels
necrotic cells) in all the acquired field, but indeed
especially close to the area exposed to the NIR laser.
This occurrence demonstrates that TNF is able to
destroy the cells following laser treatment, as demon-
strated by the penetration of EthD-1 into cells with
compromised membranes (EthD-1 is excluded from
viable cells, since it cannot cross intact membranes).

Further information about cell viability following
the treatment can be deduced by the observation of
nucleus staining, which reveals an area of strongly
damaged nuclei close to the laser action, surrounded
by a peripheral low-intensity blue signal stemm-
ing from residual material of the destroyed nuclei
(Figure 4F). These serious damages to cellular struc-
tures confirm complete cell death following thermal
ablation.

Such results were obtained by TNF10x, whereas
TNF1x showed no effects onto cell viability following
NIR laser irradiation. This result may be attributed to
low gold nanoshells amount loaded inside TNF1x poly-
saccharide matrix, which produces insufficient heating
effects for obtaining cellular structure damages.

Moreover, negative control confirms that NIR laser
is not absorbed by neither the biological tissue nor by
the “blank” nanofilm. Indeed, no evidence of damage is
revealed on both cell membrane and cell nuclei after
laser exposure (Figure 4H�J,L�N) in the presence of an
unloaded nanofilm. Calcein signal shows that cell
viability is not altered by the action of the NIR laser;
moreover, EthD-1 and Hoechst 33342 signals confirm
intact cells after laser exposition.

Thermonanofilm-Mediated Heating of Ex Vivo Animal Tissue.
Photothermalization of chicken breast tissuemediated

Figure 4. Cell viability assay: calcein, EthD-1, and Hoechst 33342 signal before (A,B,C) and after (E,F,G) laser exposure (λ =
785 nm, 50 mW, 150 s) of TNF10x in contact with human neuroblastoma cells. Calcein, EthD-1, and Hoechst 33342 signal
before (H,I,J) and after (L,M,N) laser exposure (λ=785nm, 50mW, 150 s) of a blanknanofilm as negative control sample. Bright
field images of cell culture during laser exposition; the laser spot can be visualized using the CCD sensor of the inverted
microscope (D,K). All scale bars = 50 μm.
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by TNF was also investigated by using a NIR laser (λ =
808 nm), for the test-cases illustrated in Figure 5, by
using a power of 55 mW focused on a spot of about
100 μmof diameter. A sharp rise in temperature on the
TNF/tissue interface in the configuration of Figure 5A
was observed upon turning the laser on: temperature
increased from room temperature T¥ = 24.3 �C to
about 360 �C with a maximum heating rate around
2000 �C s�1. Temperature distribution on tissue surface
reached a steady state in about 30 s, with a maximum
value of 360 �C at the center of the irradiated spot.
Farther from the spot center, isothermal contours were
approximately circular (Figure 5A); for instance, the
100 �C contour was obtained at an average radial
distance of 110 μm, while the radius of the 50 �C
contour was around 200 μm. Temperatures over
300 �C cause tissue vaporization, while tissue carboni-
zation is observed over 100 �C; both effects were
indeed observed in our experiment, through the dark-
ening of the laser spot region and the associated
production of smoke during irradiation. The 50 �C
contour is also representative, since above this
temperature irreversible cell damage is induced, by
reduction of enzyme activity, protein denaturation and
increase in cell membrane stress.59 By decreasing radi-
ation power it is possible to achieve milder thermal
effects on the exposed tissue, since temperature rise
depends on NIR laser output power as shown in
Figure 3E.

In addition, a simple model was introduced for
describing the steady-state temperature distribution
on tissue (see Section S1 of Supporting Information for
all the details), with the main aim of better characteriz-
ing the considered test-case. In particular, after esti-
mating that a significant overlap occurs among ther-
mal boundary layers of the irradiated particles, the
irradiated spotwasmodeled as a tiny sphere in thermal
exchange (conduction) with air and tissue. A spherical
approximation was nevertheless adopted, for simpli-
city, based on an averaged thermal conductivity co-
efficient κ = (κt þ κa)/2, where subscripts a and t

respectively denote air and chicken breast tissue. The
resulting expression for the radial temperature trend
reads

T(r) ¼ T¥ þRPNIR
4πK

1
r

(1)

where T¥ represents tissue temperature in the far-field
(unperturbed tissue at room temperature), and PNIR is
the nominal laser power. Moreover, R is a factor that
accounts for the fraction of the nominal power that is
effectively absorbed by the irradiated spot. In more
detail, R = 1 � ξrs � ξt, where ξrs and ξt denote the
fractions of the nominal power that are reflected/
backscattered and transmitted to tissue, respectively.
The latter parameters were measured, by obtaining in
particular R = 0.41. Furthermore, it should be noted
that eq 1 predicts a linear relation between temperature

Figure 5. TNF-mediated thermalization of chickenbreast tissue upon irradiationwithNIR laser (808nm) of a TNF10x adherent
on the tissue surface. Temperature distribution on a plane parallel to the laser propagation direction and perpendicular to the
film surface (laser power 55 mW) (A), on the tissue/TNF/air interface (laser power 55 mW) (B), and on plane perpendicular to
the film surface sandwiched between two tissue slides (laser power 120 mW) (C). (D) Image of chicken breast tissue section
before and after laser exposure. (All scale bars = 1 mm).
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increment ΔT = T � T¥ and laser power PNIR, as ex-
perimentally observed when assessing TNF-mediated
heating of solid surfaces (Figure 3E).

Then, once adopted κa = 0.022 W m�1 K�1 and κt =
0.47 W m�1 K�1,60 we applied eq 1 to compare model
predictions with the experimental data obtained by
adopting PNIR = 8, 17, 31, and 55 mW. The considered
results are shown in Figure 6. In particular, the experi-
mental trends were obtained by processing the corre-
sponding thermal images with Matlab (Mathworks,
USA). Furthermore, the radius of the laser spot was
nearly 50 μm, and the radial coordinate in Figure 6 is
consistent with such a lower boundary value.

As shown in Figure 6, model predictions are in very
good agreement with experimental results, minor dis-
crepancies only arising toward the laser spot boundary,
where the temperature profile is more steep (and thus
hard to be accuratelymatched by the proposed, simple
model). Indeed, the normalized error δ/ΔTmax between
the experimental temperature increments and the
model predictions, ΔTmax being the maximum mea-
sured increment (occurring on the spot boundary), was
equal to 0.021 ( 0.001, 0.026 ( 0.013, 0.017 ( 0.001,
and 0.014 ( 0.028 (mean ( std) for the aforemen-
tioned laser powers, respectively. Moreover, the linear
scaling of the temperature increment with PNIR was
fully confirmed. Let us then remark that, once experi-
mentally determined R, the model at hand is fully
predictive. Hence, despite the many simplifications
deliberately introduced during its derivation, such a
model manages to capture key effects of the involved
physical parameters on tissue phototermalization, thus
potentially allowing for enhanced control over the
associated heating strategy.

Temperature distribution perpendicular to the
TNF/tissue interface was also assessed, through the
test-case illustrated in Figure 5B. The resulting tem-
perature contours in the zx plane, in particular on the
tissue half-plane, were approximately circular (except
near the interface with air), and similar to the ones

achieved in the xy plane. In this case, the maximum
temperature was around 360 �C. Thermalization was
achieved over a time interval similar to the one of the
xy experiment.

Furthermore, tissue photothermalization was also
investigated for a TNF sandwiched between two tissue
slices having 3 mm thickness, as depicted in Figure 5C
(in this case a laser power of 120 mW was used). As
expected, the obtained temperature distribution was
approximately symmetrical with respect to the TNF
plane. This is in agreement with the fact that heating is
only produced by TNF NIR absorption. In this case,
temperature contours were less trivial: their pseudo-
elliptical shape was associated with a less focused NIR
absorption region, the ellipticity of which was likely
determined by photons scattering within tissue,
prior to reaching the TNF. The maximum temperature
reached for this test case was around 40 �C, and
thermalization was observed after nearly 45 s. Both
these figures confirm that scattering of NIR photons by
overlying tissue played a major role in this experiment,
in particular by causing a decay in the intensity of the
incident laser beam. Nonetheless, the resulting tem-
perature field demonstrated the possibility to localize
moderate thermal effects in some depth within tissue,
specifically around the TNF, e.g., to achieve cell death
or to facilitate other cancer therapies, without adverse
thermal effects on surrounding healthy tissue. Indeed,
by controlling TNF depth within a given tissue, as well
as by adjusting laser output power, it is possible to
modulate the obtained thermalization region around
TNF, in order to accurately tune the considered photo-
thermal treatment. Further control over the considered
strategy could be provided by also considering time-
dependent irradiation strategies, which however are
beyond the present investigation.

To conclude, it is worth remarking that comparison
with irradiation of blank NFs and bare tissue confirmed
that Au@SiO2�PVP nanoshells were fully responsible
of the tissue thermalization, since no appreciable

Figure 6. Radial trend of tissue temperature increment for the TNF irradiation on the xy plane, for selected values of the
nominal power. Experimental data (circles) are compared to model predictions (solid curves).
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temperature rise was recorded in the corresponding
control experiments (Figure S4, Supporting Information).

CONCLUSION

Herein a new thermonanofilm for localized hy-
perthermia and photothermal ablative applications is
presented, composed by Au@SiO2�PVP nanoshells
encapsulated inside an ultrathin polysaccharide ma-
trix. Thermonanofilms, fabricated with mucoadhesive
materials, possess unique properties of flexibility, low
surface roughness, and submicrometric thickness, al-
lowing adhesion to tissue surfaces. The nanoshell
density and arrangement inside the film can be con-
trolled by changing dispersion concentration and, in
the case of aged nanoparticles, adding surfactants
such as PVA, thus allowing the precise tuning of NIR/
thermal conversion properties of the TNF. Temperature
achievable during TNF-mediated surface photother-
malization induced by NIR laser can be controlled by
tuning laser power. Moreover, precisely directed heat-
ing in any part of the polymer composite is also
possible by focusing and moving NIR laser onto the
surface of TNF.
In vitro experiments carried out on cancer cells

demonstrated the efficacy of TNF approach. In parti-
cular, cell viability experiments carried out on TNFs
treated with NIR laser showed a complete thermal
ablation of cancer cells, demonstrated by irreversible
cell membrane damage and nuclei destruction. More-
over, negative control performed with NIR laser on
unloaded nanofilms revealed absence of cell structure
damage, thus demonstrating the noninvasiveness of
the approach.
Further experiments carried out on ex vivo tissues

demonstrated also the applicability of the system in a
realistic scenario. In this case, thermal profile charac-
terization showed that surface heating and cooling
occur almost instantaneously and that, with a 55 mW
power NIR laser in the presence of TNF temperature
can reach a maximum value above 300 �C inducing
surface tissue vaporization, while in the presence of

control unloaded nanofilms the temperature has neg-
ligible increase, because of the low absorption of NIR
photons by the tissues. Moreover, thermal profiles
demonstrate that the temperature increase is localized
on the tissue surface, being the Au nanoshells the only
components that absorb NIR photons.
Finally, a steady-state model was proposed in order

to understand the key aspect of tissue thermalization
upon NIR irradiation of TNF. The model predictions are
in good agreement with experimental results, and the
root-mean-square error δ between model and experi-
mental points was such that δ/ΔTmax = 0.1. These
results provide useful guidelines for the development
of TNFs and for the comprehension of the main factors
that cause tissue thermalization. In particular, the
model highlights the importance of achieving a high
particle surface coverage in order to generate tem-
perature buildup on the irradiation spot.
Thermal profile analysis of TNF sandwiched inside

two tissue slides shows the possibility to localize heat-
ing nearby the area of application of the nanofilm, with
a lower temperature rise compared to previous experi-
ments, due to photon scattering. However, by increas-
ing laser output power and exposition time, it is theo-
retically possible to reach the desired temperature
values at a certain depth, given the thickness and
composition of biological tissue overlying TNF.
All these results underline the advantage of the

proposed approach with respect to traditional laser
ablation, in which difficult heating effect (especially in
deep application) may cause problems such as organ
perforation and lesion of the underlying healthy tissues
and nerves.61,62 On the other hand, TNF-mediated
thermalization of cancer tissue could be proposed
as an additional strategy to chemotherapy and radio-
therapy, not only for superficial lesions, but also
located more deeply inside an organ. Feasible clinical
scenarios could involve the application of TNF onto the
oral, intestinal, gastric, vaginal, or esophageal mucosa,
in order to treat tumor masses located at these sites, or
for the treatment of “head and neck” cancer.63

METHODS
Au@SiO2�PVP nanoshell suspension in deionized water

(50 μg mL�1, 2.9 3 10
9 particles/mL) was purchased from Nano-

composix, San Diego, CA. These particles have a core diameter
of 120 nm and a shell thickness of 15 nm, showing a strong NIR
light absorption, with a maximum absorbance peak at about
800 nm.
For in vitro experiments cell culture reagents were purchased

from Euroclone and the LIVE/DEAD viability/cytotoxicity kit was
purchased from Molecular Probes.

Fabrication of Polysaccharide/Gold Nanoshell Nanofilm. Polysac-
charide/gold nanoshell nanofilms (thermonanofilms, TNFs)
were fabricated by spin-assisted layer-by-layer assembly
(SA-LbL) of polysaccharides and casting deposition of gold
nanoshells. A schematization of the fabrication is given in
Figure 1. Silicon wafers (400 μm thick, p type, boron doped,

Æ100æ Si-Mat Silicon Materials, Kaufering, Germany), used as
substrates for film deposition, were cut (2 cm � 2 cm) and
cleaned using Nanostrip (Cyantek, Fremont, CA) at 120 �C for
10min and thenwashedwith deionized (DI) water (18MΩ cm) in
order to remove dust and impurities. A sodium alginate solution
in DI water (1 mg mL�1, 106 kDa, Nacalai Tesque, Kyoto, Japan)
and a chitosan solution in 1% acetic acid (1 mg mL�1, 88 kDa,
Nacalai Tesque) were filtered with 0.45 μm pores membrane
filters and used for the SA-LbL film fabrication. A drop of
chitosan solution (200 μL) was placed onto the Si wafer and
spin coated at 4500 rpm for 20 s and then washed twice with a
drop of DI water (300 μL) spin coated at 4500 rpm for 20 s. Then,
a drop of sodium alginate (200 μL) was placed onto the chitosan
layer, spin-coated at 4500 rpm for 20 s, and washed twice with
a drop of deionized water spin coated at 4500 rpm for 20 s.
This procedure was repeated 10 times, and after this another
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chitosan layer was deposited following the same procedure.
Casting deposition of gold nanoshells on top of the LbL poly-
saccharide film was performed using a drop of Au@SiO2-PVP
suspension (300 μL, 0.05 mgmL�1). In order to increase particle
loading, concentrated dispersions were also prepared and
casted on LbL films. The original dispersion was concentrated
by centrifugation at 2500 rpm for 10 min. After removal of
excess water, precipitated nanoshells were resuspended with
deionized water or with a 60 μg mL�1 water solution of poly-
(vinyl alcohol) (PVA, Kanto Chemicals, Tokyo, Japan), to obtain
0.5 mg mL�1 nanoshell dispersions. After evaporation of gold
nanoshell dispersant, the surface of the nanofilms was rinsed
five times with 1 mL of DI water in order to remove unbound
nanoshells and dissolve PVA. Sample surface was spin cleaned
two times with water and then covered with a sodium alginate
layer and other 10 polysaccharide bilayers. Sample obtained by
casting the original dispersion, the concentrated dispersion,
and the PVA concentrated dispersion are designated as TNF1x,
TNF10x, and TNF10x with PVA, respectively. Blank samples, i.e.,
21-pairs unloaded polysaccharide films, were prepared as ne-
gative controls for irradiation experiments. Finally, a drop of PVA
aqueous solution (500 μL, 100 mg mL�1) was placed onto each
nanofilm and spin coated at 3000 rpm for 60 s in order to create
a water-soluble supporting layer used to remove the polymer
nanofilm from silicon substrate by peeling it off with tweezers
after cutting its borders. Nanofilms were then ready to be
transferred and manipulated.

Morphological Characterization of TNFs. Surface characterization
of wafer supported TNFs and TNFs adhered on poly(styrene)
(PS) was performed by atomic force microscopy with an Innova
SPM (Bruker, Billerica, MA). 50� 50, 20� 20, and 5� 5 μm2 AFM
scans were performed in tapping mode, using MikroMasch
NSC35/AlBS aluminum-coated n type silicon probes (Innova-
tive Solutions Bulgaria, Sofia, Bulgaria) with a resonance fre-
quency of 150�200 kHz and a force constant of 5�16 N m�1.
Grain analysis was performed on 20 � 20 μm2 scans of TNFs.
Nanoshells were marked on the resulting images by height
thresholding. Grains with a projected area lower than 0.08 μm2

were not considered in cluster statistics, since they corre-
sponded to single particles. This value is larger than the
theoretical projected area of adhered nanoshells (0.015 μm2),
due to scanning probe convolution, presence of the PVP coat-
ing, and coverage with LbL bilayers.

TNF thickness was evaluated on wafer supported films
scratched with metal tweezers. Height profiles spanning the
scratch were recorded using a P6 stylus profilometer (KLA-
Tencor, Milpitas, CA). Scanning electron microscopy (SEM)
imageswere acquiredwith an EVOMA10 (Carl Zeiss, Oberkochen,
Germany) at 3.9k� and 11.3k� magnification using an accelera-
tion voltage of 10 kV. Before SEM, samples were coated with a Au
layer (8 nm) using a Q150R BS sputter coater (40 mA, 10 Pa, 60 s,
Quorum Technologies, West Sussex, UK). Particles surface cover-
age has been calculated using an imaging software (ImageJ)
based on 5 different SEM images for each sample.

Photothermalization of TNFs. For preliminary evaluation of TNF-
mediated photothermalization, PVA supported TNFs (TNF10x
and TNF10xA) were placed on the bottom of a (PS) Petri dish.
After dissolution of the supporting layer by rinsing the sample
with DI water, TNFs were dried and then exposed to NIR
radiation by means of a OBIS 785 LX laser source (λ = 785 nm,
Coherent, Santa Clara, CA) connected to an Ti-E inverted fluo-
rescence microscope (Nikon, Tokio, Japan) through the photo-
activation laser port. Irradiation was carried out for 1 s with
nominal laser power varied between 10 and 50 mW through
OBIS Remote controller and OBIS Connection control software
(Coherent). Temperature variation with laser power was mea-
suredwith anA325sc thermal camera (FLIR Systems,Wilsonville,
OR) with a close-up lens (T197415, FLIR Systems) featuring an
8 � 6 mm2 field of view and a spatial resolution of 25 μm. For
these measurements, samples were tilted by 45� respect to the
microscope stage plane, in order to accommodate for both the
thermal camera optics and for the microscope light source. In
controlled dynamic exposure experiments, samples were
moved relatively to the laser spot using the motorized micro-
scope stage. Images of the sample were acquired with NIS

Elements imaging software (Nikon), before and after exposure.
In vitro cell photothermalization was carried out using free-
standing TNFs (TNF1x, TNF10x and unloaded nanofilms). Each
TNF was detached from silicon substrates, dipped into PBS in
order to dissolve the PVA supporting layer and transferred from
the buffer solution to the well containing the cells using a
Pasteur pipet. Buffer was removed until 200 μL of liquid re-
mained in each well, so that TNF was in contact with the
neuroblastoma cell culture. Each sample was irradiated with
the OBIS 785 LX laser source (50 mW, 150 s).

Cell Culture, Viability Assay, and In Vitro Ablation Experiment. Hu-
man neuroblastoma SH-SY5Y cells (ATCC CRL-2266) were cul-
tured in Dulbecco's modified Eagle's medium and Ham's F12
(1:1) with 10% fetal bovine serum, 100 IU mL�1 of penicillin,
100 μg mL�1 of streptomycin and 2 mM of L-glutamine. Cells
were maintained at 37 �C in a saturated humidity atmosphere
containing 95% air/5% CO2.

Viability of cells before and after laser stimulation was
investigated with the LIVE/DEAD viability/cytotoxicity kit (Molec-
ular Probes, Life Technologies, Carlsbad, CA). The kit contains
calcein AM (4 mM in anhydrous DMSO) and ethidium homo-
dimer-1 (EthD-1, 2 mM in DMSO/H2O 1:4 (v/v)), which allow live
cell in green and dead cells in red to be stained, respectively.
Moreover, the addiction of Hoechst 33342 (5 μg mL�1) to cells
culture medium allows nucleus staining (in blue). Cells were
pretreated for 5 min at 37 �C with 2 mM of calcein AM and
4 mM of EthD-1 in PBS.

Ex vivo experiments were carried out on TNFs attached to
the surface of a sample tissue (chicken breast, Gallus gallus
domesticus). A rectangular tissue section (2 � 3 cm) with a
thickness of about 3 mm was cut and placed on a glass slide.
TNF10x and a blank NF were peeled from their silicon substrate
and placed on top of the tissue, and then the PVA supporting
layer was washed away with DI water. The tissue was placed
on an XYZ adjustable sample holder to be irradiated with
an RLTMDL-808�500 NIR laser source (λ = 808 nm, maxi-
mum output power 500 mW, Roithner Lasertechink, Vienna,
Austria) in the configuration shown in Figure S3 (Supporting
Information). Absorption by Au@SiO2�PVP nanoshells is not
sensitive to the change in stimulation wavelength with respect
to the microscope laser, due to their very broad NIR absorption
peak (Figure S1, Supporting Information). Laser radiation was
coupled to a multimode optical fiber with a 600-μm-diameter
core. A three lens system (lenses from Thorlabs, Inc.) composed
of an ACN254�050-B and an AC254�075-B (separated by a
28 mm air gap) forming a collimating system with an effective
focal length of approximately 300mm, and an AC254�050-B as
a focusing element, was designed to focus the radiation output
by the fiber into a 100-μm-diameter spot on the sample. Laser
power measurement and scattered/reflected power estimation
were performed by means of a calibrated S121C Photodiode
coupled to a PM100D power meter (Thorlabs Inc.).

Temperature profiles were acquired with the A325sc ther-
mal camera on the TNF plane and perpendicularly to the TNF.
Irradiation of a tissue�TNF�tissue sandwich was performed, in
order to evaluate the effects of NIR laser tissue scattering and
absorption on TNF-mediated thermalization. Thermal profiles
were analyzed using FLIR ResearchIR MAX software (FLIR
Systems) and Igor Pro 6 (Wavemetrics, Lake Oswego, OR).
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