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Photostimulated Au Nanoheaters in Polymer and
Biological Media: Characterization of Mechanical

Destruction and Boiling

Dominik Hiihn, Alexander Govorov, Pilar Rivera Gil, and Wolfgang J. Parak*

Agglomerated gold nanoparticle clusters embedded in polyelectrolyte films
are optically excited, which results in local ablation of material from the
polyelectrolyte films and in some cases leads to the formation of a gas
bubble. Evidence is given that this process is mediated by superheating of the
medium around the excited gold nanoparticle clusters. This process is highly
dependent on the medium used. Besides the boiling point, salt and proteins
in the medium also affect the formation of gas bubbles. These data demon-
strate that the type of medium must be considered when describing light-
mediated heating of gold nanoparticle clusters, which are fixed in a matrix

surrounded by medium.

1. Introduction

Gold nanoparticles (Au NPs) hold great promise for biological
applications.'™ This promise goes back to the fact that they
present a strong absorption band in the visible to NIR region,
which is the origin of the observed red to purple colors of gold
NPs in solution. This absorption band results from the collective
oscillation of the conduction-band electrons (the so-called elec-
tron gas) in resonance with the frequency of the incident elec-
tromagnetic field and is known as surface plasmon resonance
(SPR) absorption. The influence of shape and interparticle dis-
tance is, in general, even greater than that of size. While a single
absorption band is present for spherically symmetric gold NPs,
multiple absorption bands correlated with their various axes
appear for nonspherical ones; this is the case for gold nanorods
which possess two different resonance modes due to electron
oscillation across and along the long axis of the nanorod that are
commonly labelled the transverse and longitudinal modes.! Of
special relevance is the tuning of the SPR absorption through
the modulation of the distance between neighboring NPs, which
is usually afforded by means of encapsulation with an insulating
layer, made, for example, of silica or organic capping agents.>®]
In this fashion the interparticle spacer can screen the dipole—
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dipole interparticle interactions in such a
way that the collective optical properties can
be modulated between those of the bulk
metal and those of individual NPs. Upon
optical excitation at the SPR frequency sig-
nificant amounts of energy can be pumped
into the conduction electrons. Electron
lattice coupling results in transfer of this
energy from the electrons to the crystal lat-
tice,*12 from where it is dissipated as heat
to the local environment.'3-15] In this
way gold NPs can be considered as a light-
controlled nano-oven.'%1 Photogenerated
local heat has been used, for example, to
directly destroy local tissue,l'’2% to melt
matrices and thus open containers to release molecules to the
local environment,?'-¢! to break molecular bonds,?’~?% and to
weld tissue.?% Arguably biological applications of photoinduced
heating take place in biological environments,*!! which involves
the presence of salts, proteins, etc. While the processes of photo-
induced heating have been investigated in detail concerning
absorption, 3234l relaxation of the excited electron gas,* and dis-
sipation to basic continua such as water or ice,[1%3-38] the influ-
ence of the composition of the surrounding medium has not
been fully elucidated to date because of the complexity of inter-
actions between inorganic elements (e.g., Au NPs) and biolog-
ical systems.[”l The understanding of nanostructure-biosystem
interactions is especially important since the potential and cur-
rent use of Au NP heaters implies thermal and physical con-
tact of NPs with biological media such as tissue, blood, etc. In
the present study we investigated the influence of the compo-
sition of the fluidic media, including biological fluids (serum,
growth medium, etc.), around Au NPs on light-induced heating
of polymer matrices. For this purpose agglomerates of Au NPs
were embedded in polymer films created by layer-by-layer (LbL)
assembly.?”! Layers were locally destroyed by photoinduced
heating of the embedded Au NPs. Hereby the influence of the
composition of the aqueous solution above and within the pol-
ymer films was investigated.

2. Strategy and Theoretical Expectations

2.1. Materials

Poly(allylamine hydrolchloride) (PAH; ref 283223, M, =
56 kDa), poly(fluorescein isothiocyanate allylamine hydrochlo-
ride) (PAHpqc, ref 630209, M, = 56 kDa, ratio PAH:FITC
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50:1), poly(sodium 4-styrenesulfonate) (PSS, ref 243051,
M,, = 70 kDa), albumin from bovine serum (BSA, ref A9647,
M, = 66 kDa), albumin—fluorescein isothiocyanate conjugate
(BSAg1c, ref A9771, M, = 66 kDa, ratio FITC:BSA 7:1), glycerol
(ref G8773), minimum essential medium eagle (basal medium,
ref M4655), and penicillin—streptomycin (ref P4333) were pur-
chased from Sigma-Aldrich (Germany). The polyelectrolytes
PAH (or PAHgrc) and PSS were dissolved in 0.5 m NaCl solu-
tion. The concentration of PAH or PAH ¢ was 1.872 mg mL™!
and the concentration of PSS was 4.124 mg mL™}, to give an
equal number of charged groups present in solution. After
dissolution the pH was adjusted to 6.5 by addition of HCI or
NaOH. BSAgrc was dissolved in pure water with a concentra-
tion of 0.5 mg mL™. Growth medium for cell culture was made
by combination of basal medium with 10% fetal bovine serum
(serum, ref S 0615, Biochrom), 1% penicillin—streptomycin,
and 1% i-glutamine (ref 25030-024, Invitrogen). Lime-soda-
glass slides (ref H868.1), NaCl (cellpure, ref HN00.2), methanol
(ref 8388.5), ethanol (ref T171.2), 2-propanol (ref 7343.1), tol-
uene (ref 9558.3), N,N-dimethylformamide (DMF, ref 6251.2),
and monoethylene glycol (MEG, ref 6881.2) were purchased
from Roth. Au NPs (15 nm core diameter, citrate-coated,
ref EMGC15) were purchased from British Biocell Interna-
tional. All solutions were based on three-stage purified water
(R=18.2 MQ-cm at 25 °C, Milli-Q Academic, Millipore).

2.2. Sample Preparation and Characterization

Multilayered thin films on glass slides were prepared by the LbL
deposition technique.*” Glass slides were cleaned first by soni-
cation for 30 minutes at 60 °C in a water/ethanol mixture (3:7)
with 1% KOH, and then subsequently washed exhaustively with
pure water. This procedure ensured negatively charged surfaces.
For polymer films without proteins the pretreated glass slides
were dipped for 5 minutes into PAHg;rc solution, which resulted
in attachment of PAHprc to the surface and inversion of the
surface charge. The glass slides were then subsequently dipped
for 5 minutes into PSS solution, whereupon PSS adsorbed and
restored the original charge. After each immersion an interme-
diate washing step was performed to remove unbound mate-
rial. Upon repetition of the PAH and PSS adsorption steps,
processed multilayers with the architecture (PAHgirc/PSS),
were grown. To embed BSAgrc into the polymer film, the LbL
procedure was applied as described above. However instead of
PAHgrc unlabeled PAH solution was used. BSAgrc was added
as an intermediate layer between PAH and PSS by incubation
of the PAH terminated surface with 1 ml of the BSAgrc solu-
tion. Due to the negative charge of BSA (isoelectric point: 4.7) at
neutral pH the proteins adsorb onto the positively charged sur-
face. PSS is believed to stabilize layer growth by completing the
negatively charged layer. This procedure led to the architecture
(PAH/BSAg;c+PSS),. To embed aggregated Au NP clusters
the procedure was repeated as for embedding of BSA, substi-
tuting aggregated Au NP clusters for BSA. For this purpose the
Au NPs first had to be aggregated. Au NPs (c = 2 nM in water)
were mixed with the same volume of 0.5 M NaCl. As soon as
the NaCl solution had been added the Au NPs started to aggre-
gate (color changed from red to bluish) and the solutions had
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to be used for integration into the polyelectrolyte layers within
several minutes, whereby the incubation time depended on the
desired grade of aggregation. It is believed that Au clusters still
carry enough charge to be adsorbed onto the PAH terminated
layer even though they become agglomerated by screening of
charged citrate molecules. In addition to electrostatic attrac-
tion, van der Waals attraction in close proximity to the surface
might enhance stable incorporation of Au NP clusters.!! Sam-
ples with incorporated Au NPs finally consisted of three layers
of Au NP clusters and ten layers of BSAgr¢ in-between PAH
and PSS. As the same Au solution was taken for all three layers,
different sizes of clusters were embedded (the Au NP agglom-
erates still were growing while the subsequent layers were
assembled). Thus, the final architecture of these samples was
(PAH/Au+PSS);(PAH/BSAg;rc+PSS) ;0. Multilayer growth of
polyelectrolyte films was quantified by fluorescence measure-
ments using a Fluorolog FL3-22 from Horiba Jobin Yvon (exci-
tation wavelength: 495 nm) equipped with a solid sample holder
with fine angle adjustment on dried samples. Hereby addition
of each fluorescent layer (PAHgrc or BSAgqc) of the fluores-
cent samples (PAHgrc/PSS),, (PAH/BSAgrc+PSS),, (PAH/
Au/PSS);(PAH/BSAgrc+PSS);o was observed after every PSS
step. After preparation all samples were stored in Rotilabo®-
slide tubes (ref KL89.1) from Roth at 4 °C. Before measure-
ments, samples were dried in a nitrogen stream.

2.3. Microscope Set-Up

Light irradiation experiments on the polyelectrolyte samples
were carried out with a microscope set-up consisting of an
upright Axiotech microscope from Zeiss (Germany) equipped
with an additional continuous wave near-infrared (NIR) laser
diode emitting at 830 nm. The NIR laser beam was coupled
into the microscope using a beam splitter (2P-Strahlenteiler 725
DCSPXR, ref F33-725, AHF Analysentechnik) and was focused
by changing the working distance with an x—y stage (Figure 1).
The polyelectrolyte samples were placed on a micrometer-res-
olution motorized x—y-z stage (SMI, Luigs & Neuman Fein-
mechanik und Elektrotechnik GmbH, Germany) in the focus
of the microscope. As microscope imaging was operated in
reflection, small silicon wafers served as the mirror below
the polyelectrolyte sample. The microscope was furthermore
equipped with several filters. Transmission, green fluorescence
(Filtersatz 09, excitation BP 450-490, beam splitter FT 515,
emission LP 515, ref 488009-9901-000, Zeiss Germany), and
red fluorescence (Filtersatz 00, excitation BP 530-585, beam
splitter FT 600, emission LP 615, ref 488000-0000-000, Zeiss
Germany) were investigated. Filters were mounted into a filter
bar that had to be shifted manually. In transmission mode a
100 W white-light halogen lamp (HAL-100, Zeiss Germany)
served as the light source. For fluorescence observations a
mercury-vapor lamp (HBO-100, Zeiss Germany) was used.
The light beam for transmission and fluorescence illumination
and the NIR laser beam for the excitation of the Au NPs were
focused onto the polyelectrolyte sample with a water immer-
sion objective (W Plan-Apochromat 63x/1.0 Ph3, ref 441471-
9910-000, Zeiss Germany). Images were recorded with a
charge-coupled device (CCD) true-color camera (MRc AxioCam,
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Figure 1. Experimental set-up. A) An 830 nm NIR laser is coupled into an inverted microscope via beam splitter #2. In parallel the illumination for
transmission or fluorescence is coupled with beam splitter #1. In this way a laser spot of a few micrometers can be generated on a sample in the
focus of a 63x objective (cf. Figure 2), as well as illuminating the sample in the viewing area of the objective. Light reflected from or originating from
fluorescence of the sample is imaged after having passed appropriate filters with a CCD camera. B) The sample consists of Au NP clusters embedded
in a polymer film which has been assembled by LbL deposition on a glass slide, placed on top of a silicon wafer, which acts as mirror. As the thickness
of one polyelectrolyte layer is around 1 nmP'l and the diameter of one Au NP cluster is 0.1-10 um; the scheme is not drawn to scale. The sample is

immersed in medium, which is varied within this work between different buffers.

Zeiss Germany) and further analyzed with the AxioVision soft-
ware (Rel. 4.6, Zeiss Germany). Part of the NIR laser light was
absorbed by the optical components of the microscope set-
up. Therefore the laser intensity in the focal plane was deter-
mined with a power meter (PM100 display unit with S130A
slim sensor, Thorlabs). The NIR laser was completed with a
self-constructed shutter system, which allowed control over the
excitation of the polyelectrolyte samples. For NIR excitation of
the sample a 150 uL drop of medium solution was put on top

of the dried polyelectrolyte films. The lens of the water objec-
tive immersed this drop and the distance in-between sample
and lens was adjusted until the sample was focused. The NIR
laser spot was aimed at single Au clusters in the polyelectro-
lyte samples, which were then exposed by opening the shutter
for 1 second (Figure 2). Transmission and fluorescence images
of the polyelectrolyte layers were taken before and after NIR
exposure. Upon NIR exposure of the (PAH/Au+PSS);(PAH/
BSAgrct+PSS)q samples, part of the polyelectrolyte layers

around the excited Au NP cluster had been
removed, which appeared as black hole in
the green fluorescence channel, and a gas
bubble had formed (Figure 3). For each
experiment the cross-sectional area Agyger Of
the excited Au NP cluster before excitation,
the area of the resulting hole in the poly-
electrolyte film Ay, and the cross-section
Apubple of the gas bubble after excitation were

“c determined from the recorded transmission
and fluorescence images (Figure 4). For dif-
ferent experiments the laser power Pj,e, and

3 the medium on top of the polyelectrolyte

o . F i film were varied.
. o 1opm,  * o oum, ® 10pm

2.4. Boiling Point, Surface Tension,
Figure 2. Mechanical disintegration of Au NP clusters upon NIR illumination. A) lllumination  and Viscosity Measurements
of a site next to an Au NP cluster leads to no effect. B) When the NIR laser spot (P se, =10 mW)
is aimed at the same Au NP cluster as in (A) the cluster disintegrates mechanically and the Au
NPs are spread upon switching on the laser. C-E) In the case of lower laser powers (P, =
4 mW) illumination of the cluster causes fragmentation of the cluster instead of complete

disintegration.

Basic properties of the medium above the
polyelectrolyte film such as boiling point, sur-
face tension, and viscosity were determined.
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Figure 3. A polyelectrolyte film with integrated Au NP clusters (geometry
(PAH/Au+PSS)3(PAH/BSAf1c+PSS)10) is shown in A) phase-contrast
and B) fluorescence mode as imaged with the objective as in the micros-
copy set-up shown in Figure 1. Au NP clusters appear brighter compared
to the background in the phase-contrast image. The fluorescence origi-
nates from the BSAgrc which is integrated into the polymer film. C) Upon
excitation for 1 s a vapor bubble appears, which is shown directly after the
shutter is closed, where the bubble reached its maximum cross-sectional
area. After the bubble has disappeared a hole remains in the polymer film
around the excited Au NP cluster, as can be seen in D) phase-contrast
and E) fluorescence images. The phase-contrast image suggests that part
of the Au NP cluster remain at the original position, whereas the fluo-
rescence image demonstrates that the polyelectrolyte film including the
incorporated BSA has been locally removed.

For determination of the boiling point, media were heated on
a hot plate while measuring the equilibrated temperature when
boiling. In the cases of serum and growth medium a boiling
point could not be determined as coagulation occurred before
an equilibrated temperature was reached. The surface tension
was measured by pulling an aluminum ring, wetted in a suf-
ficient amount of medium, out of the medium.*?l Thereupon a

B
10 pm

Figure 4. From the experimental observations shown in Figure 3 the following parameters are
extracted. A) The cross-sectional area A, Of the excited Au NP cluster before excitation. B) The
cross-section Apppie of the gas bubble immediately after excitation, derived from the radius ryyppie

www.afm-journal.de

nearly cylindrical thin film of medium was formed in-between
the ring and the medium surface. From the applied force at
the point where the film collapsed, the surface tension could
be calculated. The viscosity was measured following the law of
Hagen-Poiseuille.*? A fixed amount of medium was stored
in a reservoir, from where it could run vertically downwards
through a thin glass capillary into a collection beaker. From
the time until the medium had completely passed through the
capillary and the comparison of surface levels in the reservoir
and the collection beaker before and after the flow, the viscosity
could be calculated.

2.5. Theoretical Modeling

In Figure 5 we have depicted a simple model to estimate the tem-
perature in our system. First of all, we notice that the laser-beam
diameter (dye,nm, = Um) is smaller than the typical diameter of Au NP
aggregates (=~few um). For further estimates, we will assume the
Au NP cluster diameter to be dgyger = 3-8 Um. A cluster effective
dielectric function (g.4) can be written using the Maxwell-Garnett
equation:*3]

ENP (1 + 26{) — & (Za — 2)
02+ ) + eyp (1 — ) 1)

Eeff = €0

where eyp and g, are the dielectric functions of metal (the Au
NPs) and voids. Voids are filled mostly with surfactant mole-
cules (the citrate capping around the Au NPs) and we assume
that & = 2 (polymer); eyp is taken for Au from the tables.*! In
Equation (1), a is a filling factor that will be taken as 0.43 (Au
NP spheres have ca. 1 nm surface-to-surface distance due to the
citrate capping on the NP surface, which acts as spacer). Since
Apeam < Aluster a0 approach of geometric optics can be employed
for estimates. Using the above effective dielectric function, we
see that clusters with dguqer = 3-8 Wm are not transparent to
the beam. At an excitation wavelength of 830 nm, the decay
length for the light penetrating the effective medium is =2 um.
Assuming that the laser beam strikes a flat surface of an effec-
tive material (Au NPs and voids), the power absorbed by the
cluster will be given by Equation 2:

Pipsorbed = Plaser (1 - R) (2)

where Py, is the incident laser power, R=|,/zcr — Emed|?/
|/Eelf + /Emedl” is the reflection coefficient, and g4 is a
dielectric constant of a medium (Figure 5). Using the above effec-
tive-medium approach and taking €,.q = 1.8-2
(water, polymer, or a biological medium), we
see that the absorption of light by the cluster is
very efficient: A = (1 — R) = 0.95. Now we look
at the thermal part of the problem. A heated
cluster is located on a boundary of two media,
fluid medium above and glass below (Figure
5). By assuming that the cluster of Au NPs is
spherical and located at the boundary of the
two media, we write an estimate (Equation 3)
for the temperature at the outer surface of a
spherical cluster under steady illumination:['3!

with Apypble = Trpubble’s @and C) the area of the resulting hole in the polyelectrolyte film Ay .
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Figure 5. Geometry used for the theoretical modeling.
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©)
where kyy = (Kglass + kmea) /2 is an averaged thermal conductivity
of the neighboring media. Typical numbers for thermal mate-
rials parameters are the following: kgjaes = 1 W mk™! and kpeq =
Kgater = 0.6 W mk~!. We note that the above approximation for
kimeq is quite reliable for many biological media.**! Then, we
obtain the following numerical result (Equation 4) for the tem-
perature at the outer surface of the Au NP cluster:

P
T=20°C+ 189°C——=™V )
where P, [mW] is the incident power in mW and dger [UM]
is the diameter of an Au NP cluster in um.

cluster [pum]

3. Results and Discussion

3.1. Mechanical Manipulation of Au NP Clusters
upon Excitation

Optical excitation of Au NPs leads to heating of the particles
and imposes momentum by means of an optical force.[*14647]
Hereby resonant and off-resonant excitation has to be distin-
guished. As we used Au NP clusters instead of single Au NPs
in the present study, a sharp plasmon resonance frequency as
present for single particles no longer existed. Due to the broad
absorption band“8 which also contains the applied laser wave-
length, both effects (heat generation and translational motion)
have to be considered as being responsible for the following
effects. In Figure 2 excitation of one Au NP cluster (without
being embedded in a polyelectrolyte film) is demonstrated.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Note that NIR excitation was at 830 nm, whereas the surface
plasmon resonance of individual Au NPs (diameter: 15 nm)
is at 520 nm. Light is absorbed only due to the fact that the
Au NPs have been aggregated into clusters (Figure SI1.4, Sup-
porting Information). As can be seen in Figure 2 the excitation
of Au NP clusters led to a mechanical explosion of the clusters.
This effect depended on the excitation power P Mechanical
disintegration of clusters was observed at rather high powers
(ca. 10 mW). For lower powers (<4 mW) this effect decreased.
Instead of complete disintegration, clusters were rather split
into fragments. No effect was typically observed for powers
smaller than 2 mW or when the laser was applied to a site
where no cluster was present.

3.2. Local Disintegration of Polyelectrolyte Films upon Heating
of Embedded Au NP Clusters

Optical excitation of Au NP clusters immobilized in poly-
electrolyte films caused local destruction of the polyelectrolyte
films mediated by disintegration/fragmentaion of the Au NP
clusters, see Figure 3. In the following all experiments refer
to the geometry (PAH/Au+PSS);(PAH/BSAprc+PSS);y of
the polyelectrolyte multilayers. Optical excitation of an Au NP
cluster with water as medium on top of the polyelectrolyte film
caused the formation of a vapor bubble which stayed localized
at the cluster site and decreased with time, as well as creating
a remaining black hole in the green fluorescent polymer film
around the heated cluster. For other media these observations
could be different as, for example, in the case of using growth
medium or serum on top of the polyelectrolyte film, when
almost no bubbles could be observed. In Figure 4 the three
parameters which were extracted out of each excitation experi-
ment are depicted: The cross-sectional area A, of the Au NP
cluster before it had been excited, the cross-section Ay of
the gas bubble which had been formed during excitation, and
the area Ay of the resulting hole in the fluorescent polyelec-
trolyte film. It has to be pointed out that quantification of these
experimental parameters was not always straightforward. Only
spherical objects were interpreted as a bubble whereas non-
spherical moving structures at the border of a cluster during
an excitation might have been caused by mechanical interfer-
ence of debris of the locally destroyed polyelectrolyte film.
Heating of Au NP clusters is a cooperative effect and generated
heat strongly depends on the cluster size.['l The bigger the Au
NP cluster the more thermal energy is locally produced,; this
induces bigger bubbles and holes in the poylmer film. We
thus normalized the cross-section of the bubbles and the size
of the hole in the polymer film to the size of the excited Au
NP cluster: Apupple/Aduster Anhole/ Adusterr Phenomenological data
show that the polyelectrolyte films were efficiently effected by
optical excitation of the integrated Au NP clusters. The shape of
the disturbed area, i.e., the hole in the polymer film, was mostly
determined by the shape of the Au NP cluster before excita-
tion. An often-seen phenomenon was the formation of a green
border of greater fluorescence around the black hole after excita-
tion, which indicated that film material had been mechanically
pushed away (Figure SI.13, Supporting Information). In many
other cases the black hole was surrounded by another ring of
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of the black holes were barely visible at low

1.4

illumination powers and for the glycerol-
and serum-containing media, experiments
were repeated several times to get mean-
ingful mean values. For water and glycerol
a clear trend towards bigger holes upon
increasing laser power can be observed. In
the case of glycerol the borders around the

1_11
39 12 m Water
2 508 A Basal medium
% 0.8
A48 Vv Serum
< 1. -<§‘g’:§: € Growth medium
2 0.9{ 2 Glycerol
(2] 0.0
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hole
00000000000
O=NWHhUIONOOO=N

black hole in the polymer film appeared in
bright green in the fluorescence channel,
which indicates the presence of BSAgrc-
labeled polymer material originating from
the area from which the polymer had
been removed. In the other media (basal
medium, growth medium, serum) no direct
correlation between the size of the hole in
the polymer film and the laser power was
obvious.

L 4
A
v
8

o
N
=
(o2}

P /mw

laser

Figure 6. Ay, normalized to A usien iS plotted Ppg., Which had been focused to the Au NP
cluster for 1 s for excitation of the Au NPs, cf. Figure 4. Experiments were performed with dif-
ferent media on top of the polyelectrolyte films: water, basal medium, serum, growth medium,
and glycerol. The linear fits serve as guides to the eye indicating the trend observed for water

and glycerol. Error bars are shown in the inset.

lower fluorescence (Figure 3E). We can only estimate that this
ring originates from the boundary of a vapor bubble at the poly-
electrolyte surface. Controls made by optically exciting areas of
the polymer films in which no Au NP cluster was found did
not result in the formation of a hole in the film and no bubbles
could be observed. Therefore the effects are related to the pres-
ence of Au NP clusters and we can exclude that the black holes
originated from bleaching of the FITC in the polymer film. The
size of the hole depended on the laser power. In the case of
water on top of the polyelectrolyte film it was found that the
black hole area as well as the bubble cross-section increased
almost linearly with the applied laser power, except for at lower
powers (Pge; < 4 mW). Films might be destroyed either by
melting of the polyelectrolytes, by mechanical force imposed by
the disintegrating expanding Au NP clusters, or by mechanical
stress upon the bubble formation, which will be discussed in
more detail later on.

3.3. Analysis of the Creation of a Hole in the Polymer Film
at Locations of Optically Excited Au NP Clusters

In the following an excitation series with water, basal
medium, serum, growth medium, and glycerol as medium
on top of the polymer film is discussed. The area of the black
hole (normalized to the Au NP cluster size) Apge/Aduster aS
created at the illuminated Au NP cluster (1 s excitation) is
plotted versus Pj,., (Figure 4 and Figure 6). As the borders
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) 3.4. Analysis of the Creation of a Bubble
10 12 y

Adjacent to Optically Excited Au NP Clusters

In the case of water, excitation of an Au NP
cluster with laser powers above 4 mW always
resulted in the formation of a bubble adja-
cent to the cluster. This formation was also
observed with water which had been degassed
prior to experiments. In the case of basal
medium only in some cases bubbles
appeared, which resulted in a smaller mean
bubble size (the mean value also comprises the results in which
no bubble had formed, i.e., with bubble size 0). Within the
standard deviation for water and basal medium one can con-
clude that an almost constant bubble size was present for var-
ious laser powers (6-12 mW) (Figure 7A). For lower laser
powers below 4 mW the bubble size decreased rapidly to zero.
Considering the probability my,, With which bubbles appeared
upon illumination (Figure 7B) one can describe the result for
water as “all-or-nothing-response” with a threshold of around
4 mW, as for powers above 4 mW a bubble arose during each
excitation (nyypple = 1), whereas at 2 mW no more bubbles could
be observed (f,pple = 0). For basal medium a bubble probability
of ca. 20% was found between 4 mW and 12 mW. For the rest
of the media no bubbles were created upon excitation of the Au
NP clusters (Figure 7B). As basal medium contains around
150 mwm of various salts (mainly NaCl) we speculated that differ-
ences in bubble appearance upon excitation of Au NP clusters
might be influenced by ion concentration in the medium. Pres-
ence of ions screens the negative charges on the surface of Au
NPs and of the polyelectrolytes which could change the geom-
etry in the Au NP clusters (such as the average Au NP-Au NP
distance). For this purpose a series of excitation of polymer
films with Au NP clusters with water with variable NaCl con-
centration in the medium was performed (Figure 7C). Clearly
the average bubble size decreased upon increasing NaCl con-
centration. At P, = 12 mW no bubbles could be observed any-
more when the NaCl concentration has been increased to 1 m.
However, the concentration of various salts (mainly NaCl) in
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Figure 7. A) Ay pple, Normalized to Agyqen is plotted versus P, which had been focused to the Au NP cluster for 1 s for excitation of the Au NPs, cf.
Figure 4. Data points correspond to the same experiments as reported in Figure 6. Experiments were performed with different media on top of the
polyelectrolyte films: water, basal medium, serum, growth medium, and glycerol (legend is the same as in (B)). In the cases where no bubble appeared
Apubble Was taken as zero. As in the case of basal medium only sometimes bubbles appeared (cf. (B)) the mean bubble size is much smaller than is
the case with water. B) As can be seen in (A), for several media bubbles barely occurred (i.e., Apypple = 0). For this reason in (B) nyyppie is plotted for
different media and excitation powers. Ny e = 1 would refer to a situation in which in each case of illumination a bubble had appeared, and nppe =
0 to the case where in no case of illumination any bubble had appeared. C) The same experiment as described in (A) was performed, but with NaCl
solution of different concentrations cy,cj on top of the polyelectrolyte film. For all excitations we used Pj,s, = 12 mW. As reference also basal medium
(with a salt concentration of 0.15 m) was used. D) The same experiment as described in (A) was performed, but with water as medium, to which variable
amounts (in percent mass) of BSA, glycerol, or serum had been added. For all excitations we used Py, = 12 mW. Comparable contents of proteins in
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the medium led to comparable average bubble sizes. The axes represent the assumption that serum is composed of 7% proteins.

basal medium, where only bubbles with a small average size
appear, is only 150 mwm. In contrast the frequency of bubble for-
mation in water with 150 mm NaCl is at best slightly reduced.
Though basal medium also comprises some other ions besides
Na* and CI™ at lower concentration (also divalent ones) the data
presented in Figure 7C indicate that presence of salt is not the
predominant factor which hinders formation of bubbles upon
optical excitation of Au NP clusters. We suppose that bubbles
arise upon superheating around excited Au NP clusters,
whereby the medium is heated to a temperature higher than its
boiling point. For this to happen the medium has to be free of
nucleation sites. In case of pure Milli-Q water nucleation sites
may be rare enough, which leads the water to form a metast-
able “superheated” state, and finally causes an explosionlike
vaporization. In media containing more “ingredients,” more
nucleation sites may be present to prevent superheating and
thus avoid the explosive appearance of vapor bubbles. Especially

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

in the case of serum, the content of proteins might suppress
the appearance of vapor bubbles because there are sufficient
nucleation sites on the one hand and locally coagulating mate-
rial on the other. Therefore another excitation series was per-
formed to verify the influence of protein content in the medium
(Figure 7D). Aqueous mixtures of bovine serum albumin (BSA)
and serum served as medium and the same trend could be
observed considering the normalized bubble size. The axes
were chosen like this as serum is supposed to be composed of
7% from proteins (100% serum A_ 7% BSA). When consid-
ering glycerol, which was taken as a viscous medium for com-
parison, one observes that increasing viscosity might not be the
crucial factor for a decreased average bubble size. To further
elucidate the role of the medium for bubble formation we per-
formed similar excitation experiments with Au NP clusters in
polymer films with additional media (Figure 8). The media were
selected to allow understanding of how parameters like boiling
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Figure 8. Ap,ppe Upon laser illumination, normalized to Ay is plotted versus A) Ty, B) yat 25 °C, C) k, and D) 1 of different media on top of the
polyelectrolyte film. Au NP clusters were hereby illuminated with P ., =12 mW for 1 s, cf. Figure 4. Experiments were performed with different media
on top of the polyelectrolyte films: water, methanol, ethanol, 2-propanol, toluene, DMF, MEG, glycerol, basal medium, serum, and growth medium.
In the case of serum and growth medium (which contains 10% serum) no boiling point could be determined, as the proteins in solution coagulated
upon heating. Also the thermal conductivity was not determined for these two media. In (D) glycerol and MEG are not displayed for clarity due to

their high 1 values.

point Ty, surface tension v, thermal conductivity x, and vis-
cosity 1 influence the formation of vapor bubbles. As supposed,
superheating might be the reason for the appearance of bub-
bles as the dependence on the boiling point leads to a clear
trend for different media with a threshold of T between
110 °C and 150 °C (Figure 8A). No bubbles could be observed
above a boiling point of 150 °C. This result, however, does not
automatically mean that for these media the boiling point is not
reached, as thermal energy is permanently transported away
from the Au NP cluster, which may avoid local superheating.
Basal medium, however, has a boiling point below the indicated
threshold, so here another explanation has to be found. Indeed
the impurity of media (salt and other contents) might be the
crucial parameter as discussed below. In Figure 8C the depend-
ence of bubble formation on the thermal conductivity of the
medium (which is the parameter which quantifies the heat
transportation capability) is plotted. K is of the same order of
magnitude (0.1 — 0.3 W-K™'.m™) for all media except water.
However, no clear trend can be observed in the bubble size
versus thermal conductivity relation. At any rate, low thermal
conductivity seems to be beneficial for local superheating if the
boiling point is low enough. The dependence of the bubble size
on the surface tension of the medium is shown in Figure 8B.
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For most media the surface tension increases almost linearly
with the boiling point, which results in a comparable profile:
decreasing bubble size with increasing surface tension, similar
to decreasing bubble size with increasing boiling point. Water,
however, does not fit in this scheme. Water has a rather high
surface tension due to its high polarity and exhibits strong
molecular interaction. No dependence of the bubble size on the
viscosity of the medium was found (Figure 8D). This result
leaves the boiling point of the medium as the most influential
parameter for bubble size upon local optical excitation of Au
NP clusters, but it does not, however, explain the fact that addi-
tion of salt reduces formation of bubbles as addition of salt
(e.g., NaCl) leads to an increase in Ty that is still below the
found threshold in Figure 8A. By following Raoult's law
together with the Clausius—Clapeyron equation, the extent of
boiling point elevation can be calculated to be ATy = 6.3 °C for
a concentration of 6.14 m, which corresponds to the maximum
solubility of NaCl in water. As discussed above, the addition of
salt could affect the geometry of the polymer layers and the Au
NP clusters. Salt could reduce the interparticle distance in the
Au NP clusters, which, however, should lead to more bubbles
upon increased NaCl concentration (there is more heat genera-
tion among closely spaced NPs!!®), which is in contrast to the
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experimental data. Thus, as Au NPs had been agglomerated to
clusters before incorporation in the polyelectrolyte films, the
addition of more salt may not induce more agglomeration.
However, salt may also affect the layer geometry. Salt can affect
the charged sites of the layers, such that the competitive ion
pairing between the oppositely charged layers and the respec-
tive counterion reduces the binding force between layers.*’!
Thus permeability for molecules out of the layers could be
higher when salt is present,’”) which might increase the con-
tent of nucleation sites above the LbL film. As the influence of
salt still does not explain the results obtained with
serum-containing media still another effect must play a role.
Proteins in serum containing medium coagulate before the
boiling point of the medium is reached. Coagulated proteins
could act as further nucleation sites, which would thus prevent
superheating and the formation of big gas bubbles.

3.5. Results of Theoretical Modeling

With Equation (4) from the theoretical model we now can esti-
mate the cluster surface temperature for clusters with dgger =
3-8 um. We now see that the temperature achieves 100 °C for
the following laser powers Plye;: 1.3 (deuster = 3 im) and 3.4 mW
(Aauster = 8 Um). Active boiling of water in the experiments starts
at ca. 4 mW (Figure 7). This power corresponds to ca. 114 °C
(Aetuster = 8 um) and ca. 270 °C (dgyster = 3 Um). The above num-
bers for the temperature are greater than 100 °C which is not
surprising since it is expected that the boiling process starts
under the superheated conditions.*® We therefore see that our
simple model for the local temperature gives numbers that
are in reasonable agreement with the experimental findings.
Finally, we comment that the formation of holes in the polymer
film in our experiments begins at Pj,s, = 2 mW. The above tem-
perature estimates are actually valid for the maximum tempera-
ture outside the polymer film, at the water—polymer boundary.
For a spherical heated object under steady-state conditions
(i-e., under continuous illumination) the temperature outside
Equation (3) is given by the total power generated (Ppsorbed)
and by the thermal conductivity (k,,) of the surrounding matrix.
Note that Equation (3) does not include the thermal conduc-
tivity of the polymer film. The temperature inside the polymer
and the Au NP cluster can be higher since the polymer film
can create a thermal barrier for heat flow. Indeed, polymer
films may have a poor thermal conductivity that will result in a
strong overheating effect and in destruction of the polymer film
at relatively low laser powers.

4, Conclusions

Light-induced heating of polymer-matrix-embedded Au NP
clusters in complex media is influenced by several parame-
ters. The formation of a gas bubble of evaporated medium is
directly connected to the boiling point of the medium. Salt in
the medium may affect the geometry of the polymer matrix
leading to reduced gas-bubble sizes. Most important, complex
media involving, for example, proteins also reduce formation
of gas bubbles, which is speculated to be due to an increased

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

leselS
Mot oS
www.MaterialsViews.com

number of nucleation sites which prevent superheating.
These results are of great importance to biologically motivated
release experiments. For light-triggered release of molecules
from polymer films bubble suppression would be welcome as
this would reduce mechanical stress. Bubble formation upon
heating inside cells could, for example, kill cells.?*) We believe
that experiments in this area are positively influenced by the
fact that protein-containing media are present inside cells.
This study thus helps to optimize the experimental conditions
(for example laser power versus Au NP cluster size) for such
biologically related release experiments (as, for example, drug
delivery) in cells.
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