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ontrolling the distribution of nano-

particles is a key component of

present and future technologies
due to its applications in patterning and
self-assembly.”™” The quantum properties
at the surface of noble metal nanoparticles
differ from that of their bulk material coun-
terparts in terms of molecular interactions
and electronic, optical, and magnetic
properties.®® A distinct feature of nanopar-
ticles of noble metals is the presence of a
surface plasmon resonance. The effects of
symmetry are very important at the nano-
meter scale; for example, changing the size
and shape of nanoparticles can influence
their color. The surface of nanoparticles can
be functionalized'®'" or altered via
chemistry,’*'® making them quite versa-
tile. In addition, noble metal nanoparticles
have the ability to absorb light and convert
it into thermal energy.'*'¢

Due to their high charge density, small

size, and light absorption properties, nano-
particles are an ideal material to functional-
ize polyelectrolyte microcapsules, which
were first introduced by Mohwald and
co-workers in 1998."” The microcapsules or
microshells are constructed via a technique
known as layer-by-layer (LbL) assembly'® in
which oppositely charged polyelectrolytes
are adsorbed onto sacrificial colloidal
particles."®2° While encapsulation methods
developed in recent years for polymeric micro-
capsules (such as the use of pH, ionic
strength, heat, and light) cover many en-
capsulation needs, the development of re-
lease techniques tends to be much more
challenging because they should not affect
the capsule’s load and host material.>'=%°
The challenges of release of encapsulated
materials transpire in applications in living
tissues wherein mechanical and chemical
release become unsuitable. To overcome
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ABSTRACT We present a novel approach to construct hollow polymeric microcontainers that can be remotely

addressed using a low-power near-infrared laser to release encapsulated materials. Microshells possessing walls

with aggregates of gold nanoparticles are found to release encapsulated materials upon near-IR irradiation, while

shells containing the same amount of nonaggregated gold nanoparticles did not release their contents. The

permeability of thermally shrunk microcapsules to dextran molecules is the lowest for shells containing

nonaggregated nanoparticles and the highest for microcapsules with no nanoparticles. The wall thickness,

roughness, influence of concentration of encapsulated materials, and general shrinking behavior of the

microcapsules are studied. Aggregation of nanoparticles increases the absorption coefficient in the near-infrared

part of electromagnetic spectrum. The temperature increase upon near-infrared laser illumination for different

gold nanoparticle distributions is simulated. Important implications of this approach are expected in development

of drug delivery systems as well as in temperature- and light-sensitive materials and membranes.

KEYWORDS: self-assembly - nanoparticles - microcapsules - aggregation -
nanoassemblies - infrared light - temperature - polyelectrolyte multilayers

this issue, a method for remotely releasing
encapsulated material using laser light was
recently introduced.?®?” The release proce-
dure discussed in this text takes advantage
of the light-induced heat generation on
gold nanoparticles (AuNPs), which is used
to remotely trigger changes in the perme-
ability of polymeric microcapsules. Other
methods to remotely induce changes in micro-
capsules include enzymatic degradation
and self-rupture,?®2° release by magnetic
fields and ultrasound,®3" and control of
wall permeability by carbon dioxide.>?

In biomedical applications of laser-
induced remote release, it is desirable to ob-
tain structures possessing near-IR absorp-
tion (NIR) that would alleviate potential side
effects to biological tissue.?® Gold nano-
rods have been used as efficient absorp-
tion centers in the NIR, and their
wavelength-dependent absorption was re-
cently studied.>*7>* However, the large con-
centration of stabilizers necessary for the
synthesis and storage of these nanorods
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Figure 1. A solution of citrate-stabilized gold nanoparticles has
a red color as seen through a plastic cuvette (A). Its correspond-
ing UV/visible absorbance spectrum shows a strong absor-
bance peak at 520 nm (B), and TEM image of dry (PDADMAC/Au/
PSS), shells with nonaggregated gold particles (C). The color of
the gold solution after adding salt is blue/gray (D), its corre-
sponding absorption spectrum (E), and the general appearance
of these aggregates as seen when inserted in the wall of (PDAD-
MAC/Au/PSS), microcapsule (F). Scale bars in TEM images corre-
spond to 500 nm.

affects their interaction with other materials. An alterna-
tive approach offering NIR absorption is possible by ag-
gregating metallic nanoparticles.>®3” Although there
has been some work that studied the nature of the ag-
gregation process of AUNPs, applications of such as-
semblies of nanoparticles in complex systems have
been limited.>® In regard to polymeric microcapsules,
another potential advantage of aggregating the par-
ticles lays in the possibility to concentrate or localize the
heat generation potential of AUNPs, maximizing the ef-
ficiency of the light-induced release. In our previous
work, we focused on controlling the distribution of
nanoparticles at high concentration on polyelectrolyte
multilayers.?® In this work, we present the general influ-
ence and potential benefits changing the distribution
of AuNPs within the shell of polyelectrolyte microcap-
sules on capsule properties such as thermal stability,
permeability, as well as encapsulation and release. In
this regard, controlling the distribution of nanoparti-
cles within the walls of polyelectrolyte microcapsules
constitutes a great step toward self-assembly of nano-
materials.*°

RESULTS AND DISCUSSION

Spectroscopic Properties of AuNPs. Aggregation in a stable
solution of AuNPs by addition of electrolytes is visible
by eye since a drastic color change from ruby/red to
blue/gray results in the process (Figure 1A,D). The typi-
cal absorption spectra (\,,.x ~ 520 nm) of a solution
of citrate-stabilized AuNPs (average diameter = 20 nm)
are shown in Figure 1B. Citrate molecules added as a co-
ordinating agent during the preparation of AuNPs pre-
vent the latter from aggregating with each other
through electrostatic stabilization. Flocculation of the
AuNPs in solution may occur when the stabilizing
charges of the citrate molecules covering the gold are
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compensated by a sufficient number of oppositely
charged ions that lowers the long-range electrostatic
repulsions and allows short-range attractive forces to
(van der Waals forces) dominate.>”*' After mixing (1:1)
a solution of NaCl (0.1 M) with a solution of citrate-
stabilized AuNPs (20 nm), the latter become unstable
and the solution rapidly changes color as aggregation
proceeds. The corresponding absorption spectrum dis-
plays a novel broad absorption region between 700 and
900 nm with a maximum centered at 740 nm (Figure
1E). A similar absorption peak, red-shifted by 20—30
nm, appears upon mixing a solution of potassium chlo-
ride (0.1 M) with an equivalent volume of AuNPs solu-
tion, but no IR absorbance peak appeared when mixing
the gold solution with an equivalent volume of lithium
chloride solution (0.1 M). No significant change in the
absorbance spectra of AuNPs of diameters of 5 or 10 nm
was observed when salt was added. Besides the appear-
ance of a large absorption peak in the NIR, the addi-
tion of NaCl to the gold particle solution leads to a mi-
nor bathochromic shift of its surface plasmon
resonance (SPR) band from 521 to 526 nm. In earlier
work, we inserted AuNPs in the shell of polymeric
microcapsules and used them to convert light into
heat to rupture the microcapsules and release encapsu-
lated material.?>*? We note that the formation of aggre-
gates of AuNPs (at high concentrations) on polyelectro-
lyte microcapsules was previously demonstrated,® but
their response to irradiation, permeability, and surface
roughness has not been investigated.

To form aggregates of AuNPs and insert them in
the microcapsule wall, equal volumes of a solution of
NaCl (0.1 M) and a solution of AuNPs (20 nm) were first
mixed. After 60 s, the salt/AuNPs solution was used to
resuspend a solution of silica particles coated with
PDADMAC as the outermost layer. At the end of the
shell assembly, the coated silica particles were treated
with hydrofluoric acid (0.3 M) and thoroughly rinsed
with water to remove the acid. Hollow capsules with
an average diameter of 4.8 wm and possessing the fol-
lowing shell structure were obtained: (PDADMAC/Au/
PSS),. Citrate-stabilized AuNPs were added directly to
the polymer-coated silica to form microcapsules with
nonaggregated AuNPs, as shown by transmission elec-
tron microscopy (TEM, Figure 1C). In sharp contrast,
TEM images of capsules assembled in the presence of
NaCl aggregated AuNPs show that the polymeric shells
obtained after treating the particles four times (after
each PDADMAC layer addition) contain only aggregates
of AuNPs (Figure 1F). The same concentration of AuNPs
was used for the construction of microshells contain-
ing aggregated and nonaggregated nanoparticles. (It
can be seen from Figure 1C that small aggregates ap-
pear to coexist together with single particles. Such
slight aggregation appears when AuNPs are distrib-
uted over several polyelectrolyte layers but lack the
change in absorbance found in shells assembled in the
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Figure 2. Heat shrinking behavior of (PDADMAC/Au/PSS),
microcapsules containing no gold particles, as well as aggre-
gated and nonaggregated gold nanoparticles as a function
of the incubation temperature. The diameter of 60 capsules
was measured for each data point.

presence of salt.) The supernatant taken out after each
AuNP adsorption step was found to contain trace
amounts of gold, corresponding to less than 1% of the
amount of gold added; this indicates that all AuNPs
added during the polyelectrolyte shell assembly ad-
sorb to and remain in the capsules’ walls.

Response of AuNP—Microcapsules to Thermal Shrinkage.
Heating (PDADMAC/PSS),, microcapsules has been
shown to induce the reorganization of loosely arranged
polyelectrolyte layers into a denser structure.** Kéhler
and co-workers explained this effect as the result of ex-
ceeding the glass transition of the polyelectrolyte com-
plex, which turns the layers into a viscoelastic state
and reorganizes them driven by electrostatic and hy-
drophobic forces toward a state with lower total Gibb's
energy.** Two other competing forces also exist dur-
ing capsule shrinkage: the electrostatic and hydropho-
bic forces, which act outward and inward, respectively,
relative to the capsule interior.*> Thermally increasing
the entropy incites more efficient, stronger electrostatic
interactions between the oppositely charged layers
(i.e., enthalpy increase), accompanied by densification
of the polymeric shell and subsequent reduction of its
inner volume. Shrinking behavior can be adjusted by
the total number of bilayers, while its direction is prede-
termined by an odd (swelling) or even (shrinking) layer
number.*® While denser microshells tend to be more
mechanically stable, their permeability decreases with
increasing bilayer number. We note that a side effect of
inserting AuNPs within the wall of the microshell is to
mimic the effect of increasing the number of layers
without effectively changing their permeability before
heat treatment. The thermal shrinking behavior of cap-
sules containing aggregated, nonaggregated, and no
AuNPs was studied. Figure 2 displays the heat shrink-
ing behavior of the three shell types. It can be seen
that, within the temperature range at which capsules
shrink to diameters between 4.0 and 2.0 pwm, micro-
shells containing AuNPs needed higher temperatures
to shrink to the same diameter compared with those
containing no gold: shells containing nonaggregated
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Figure 3. Relative permeability of microcapsules containing
no gold (black), aggregated (red), and nonaggregated gold
nanoparticles (blue) as a function of microcapsule’s diam-
eter. Polymeric shells were thermally shrunk to different
sizes in the range of temperatures from 35 to 55 °C and at 5
°C intervals (data points from left to right). Shrunk capsules
were then separately mixed with 3 or 70 kDa fluorescently
labeled dextran molecules. The ratios of permeable capsules
were determined from LSCM by measuring the fluores-
cence profiles of 60 capsules per data point.

AuNPs needed about 12 °C and those with aggregated
AuNPs 7 °C. With an average size of 20 nm, the AuNPs
used in this work are comparable to the wall thickness
of microcapsules (measured by AFM: 19.2 nm (*+1.6))
and are expected to slow down the shrinking of the
polymeric shell during heating. However, from Figure
2, one finds that, at least in the case of capsules with
nonaggregated particles, the minimal diameter to
which the capsules can be shrunk to is also higher in
comparison to the other two types of capsules. This
suggests that during heating the decreasing surface
area brings neighboring AuNPs in the microcapsule wall
closer to one another so that they inhibit further shell
shrinkage (i.e., Percolation). One would expect a shell
containing more particles or homogeneously distrib-
uted particles to be more affected by interparticle ef-
fects since encounters between particles are expected
be more frequent than those in a microshell containing
AuNPs with larger interparticle distances.

Permeability and Encapsulation Studies. In the previous
section, we have shown that incorporating AuNPs in
the walls of capsules changes their shrinking behavior;
here we look into their permeability. Microcapsules
were mixed with a solution of fluorescently labeled dex-
tran of desired molecular weight for several minutes
and then heated in a water bath for 20 min.***° The so-
lutions of shrunk microcapsules and dextran (MW = 3
or 70 kDa) were then stored in darkness for 24 h. The
permeability of different microshells was measured by
monitoring the diffusion of the fluorescent dextran to
the cavity of microcapsules thermally shrunk to various
diameters. The sample mixture was then deposited
onto a glass slide and probed by LSCM for “leakiness”.
The results are shown in Figure 3. The fluorescence pro-
files of 60 capsules per data point were measured. A
given capsule was considered permeable when, after
the incubation period, its inner fluorescence was at
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Figure 4. Influence of the concentration of fluorescently la-
beled dextran on the diameter of polymeric microcapsules. Mi-
crocapsules doped with aggregated and nonaggregated gold
nanoparticles were thermally shrunk at 60 °C for 20 min in the
presence of dextran concentration from 0.1 to 1.0 mg/mL.
The diameters were averaged from confocal microscopy mea-
surements of 20 shells for each data point.

least 50% that of the surrounding medium. It was found
that, at comparable diameters, the effective permeabil-
ity of thermally shrunk microshells doped with AuNPs is
very different than the permeability of control samples
containing no nanoparticles. In the vast majority of
cases, the hollow capsules were found to contain no
fluorescence (permeability ratio = 0) or the same fluo-
rescence as the surrounding medium (permeability ra-
tio = 1). With the exception of capsules that were not
shrunk, the permeability of capsules to fluorescent mol-
ecules of either molecular weight is greater for cap-
sules containing no gold and lesser for capsules con-
taining nonaggregated AuNPs. As expected, 70 kDa
dextran permeated the polymeric wall somewhat less
efficiently than 3 kDa dextran, and this effect was ob-
served in all samples. This information becomes particu-
larly useful because together with the thermal shrink-
ing behavior it provides the basis of encapsulation for
various wall/nanoparticle compositions.

It is generally understood that heat shrinking of
microcapsules increases the concentration of the en-
capsulated material (encapsulate) relative to the bulk
concentration since the encapsulated molecules are
confined to a smaller volume. The microcapsule wall
acts as a semipermeable membrane of low permeabil-
ity to large molecules but high permeability to water
molecules so that osmotic effects can be neglected. As
a result of the concentration difference of encapsulate

across the capsule wall, a diffusive force arises upon
shrinking the capsules to lower diameters. This diffu-
sive force opposes the capsule shrinking to a certain ex-
tent and should increase with higher concentration of
encapsulate. To find out if the encapsulate concentra-
tion has an effect on the thermal shrinking behavior of
microcapsules, samples of capsules containing aggre-
gated and nonaggregated AuNPs were heated at 60 °C
in the presence of different concentrations of fluores-
cently labeled dextran (MW = 10 kDa). The samples
were then washed with water to remove the nonencap-
sulated dextran. The average diameters of the micro-
capsules (=20) thermally shrunk in the presence of 0.1,
0.5, and 1.0 mg/mL labeled dextran are presented in
Figure 4. It was found that both types of microcapsules
shrink less with increasing concentration of dextran. It
is expected that encapsulating higher concentrations of
material could limit the shrinking process to a point
where no encapsulation takes place since the capsules’
walls would be unable to become dense enough to pre-
vent leakage. Therefore, the behavior observed in Fig-
ure 4 is consistent with the assumption that a diffusive
force is generated by the dextran as the volume of the
shell is decreased. Furthermore, the capsule shells were
found to remain nonfluorescent after being added to a
solution of labeled dextran molecules and subsequently
washed, supporting diffusion through the capsule’s
wall; the uncharged dextran does not bind to the poly-
electrolyte’s shell and therefore is not expected to inter-
fere with the shrinking process.

On the basis of the variations in thermal shrinkage
and permeability discussed so far, we hypothesized
that these changes may be the result of an influence
of the AuNPs over shell thickness. If this were true, the
shell of samples containing nonaggregated AuNPs
would be expected to possess more polyelectrolyte ma-
terial or a denser structure. A change in overall shell
density directly due to the presence of nanoparticles is
unlikely due to two facts: first, the permeability of the
different capsules would differ before heating, and sec-
ond, the shells contain a relatively low gold content
that should have no consequence over the shell areas
containing no nanoparticles. The latter point will be dis-
cussed at the end of this section. The thickness of cap-
sules before and after a brief period of thermal shrink-
ing was measured by AFM (from the areas containing
no gold nanoparticles; Table 1). Before shrinkage, the

TABLE 1. Shell Thickness® of Different (PDADMAC/PSS), Capsules Containing Aggregated and Nonaggregated Gold
Nanoparticles, as well as a Control (without Nanoparticles), before (before T), and after (after T) Thermal Shrinking to

Similar Diameters

control aggregated NPs nonaggregated NPs
diameter (pum) thickness (nm) diameter (um) thickness (nm) diameter (pum) thickness (nm)
before T 49+03 194 =11 48 £0.2 19215 49+03 195+ 1.2
after T 45+02 20.6 = 0.8 44+03 232+09 44 +03 30.1£08

“Statistical measurements were calculated from the average thickness of 30 capsules.
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average shell thicknesses of control capsules with no
gold and those with nonaggregated and aggregated
AuNPs were 194 = 1.1,19.2 = 1.5, and 19.5 = 1.2 nm,
respectively. No significant difference in the wall thick-
ness was found between the three capsules types. This
is consistent with our observation in Figure 3 that the
microcapsules were all equally permeable to two differ-
ent dextran sizes before heating. Samples of each
microcapsule solution were then thermally treated to
verify our aforementioned hypothesis. For capsules that
were shrunk, the average shell thicknesses of the con-
trol and aggregated AuNP samples were found to in-
crease by 6 and 17%, respectively. A surprisingly large
change in the wall thickness of ca. 35% was measured
for microshells containing nonaggregated AuNPs. The
shrinking temperatures were selected from Figure 2 in
order to obtain all microcapsules of approximately 4.4
pm in diameter (90% of their original diameter)—the
size at which a significant difference in permeability oc-
curs, as illustrated in Figure 3.

During capsule assembly, the polymeric material
that precipitates onto silica particles does so in the
glassy state and becomes tightly bound to the oppo-
sitely charged layer. In solution, the positively charged
PDADMAC-coated silica particles absorb all of the nega-
tively charged AuNPs added. The latter remain electro-
statically attached to the PDADMAC layer despite cen-
trifugation and several washings in water as indicated
by the absence of color in the supernatants. Since the
AuNPs used have a diameter comparable to the final
shell thickness, we can postulate that significant quan-
tities of polyelectrolyte material absorb around the
AuNPs. The absorption of polyelectrolytes around
AuNPs and their subsequent insertion in polymeric
shells was discussed in previous work.>® The surface fill-
ing factor (Fs),*” a measure of the ratio of the total
area covered by nanoparticles per capsules, to the sur-
face area of the capsules was calculated to be 0.05 for
microshells containing nonaggregated AuNPs used for
the permeability studies (Figure 3). In other words,
about 5% of the total area of the capsules containing
nonaggregated particles is covered by gold. For this
reason, the mere presence of nanoparticles cannot be
the sole reason for the permeability changes ob-
served.*” Instead, we have to consider that a spherical
20 nm AuNP has a considerably larger surface area than
the planar surface of the microcapsule it spans. We as-
sumed that some of the material absorbed around
AuNPs could potentially diffuse in the nanoparticle’s pe-
riphery during thermal treatment, making shell regions
between AuNPs thicker/denser, leading to a change in
wall permeability. To verify the validity of this argu-
ment, we looked for indications that the roughness of
the shells changes during thermal treatment using
AFM. Figure 5 illustrates the roughness differences be-
tween microcapsules doped with nonaggregated (A,B)
and aggregated (C,D) AuNPs, before (A,C) and after
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(B,D) thermal treatment. In each image, the position of
some AuNPs is indicated with an arrow. The surface of
heated microcapsules was found to become much
smoother and, generally, the shape of AUNPs became
better defined (see Supporting Figure 1). This second
observation suggests that a thinning of the material
coating the nanoparticles occurs during heating and
that this material was most likely redistributed in shell
areas around the nanoparticles. Comparison of panels A
and C of Figure 5 shows that capsules containing non-
aggregated AuNPs are much rougher than those doped
with aggregates. It follows that, during LbL assembly
of the microcapsules, a rougher surface comes with
more surface area available for subsequent layers to ad-
here. Since the aggregates found in the samples con-
sist of a dozen to hundreds of particles, much of the
gold surface is occupied by adjacent particles within
the aggregate. The differences in the thickness of
microcapsules containing aggregated and nonaggre-
gated AuNPs that were discussed in Table 1 support this
argument. It should be noted that the large roughness
of the capsules, combined with the presence of folds
and the different distribution of nanoparticles of these
samples, made it impossible to compare sample rough-
ness quantitatively.

Mueller and co-workers showed that, at high tem-
peratures, the shell components of PDADMAC/PSS cap-
sules switch from a glassy to viscoelastic state, a phe-
nomenon accompanied by a reduction in the wall
surface tension and corresponding tendency of the cap-
sule wall to reduce its surface area.*® Surface tension ef-
fects account for the tendency of shell material to dif-
fuse around the shell at temperatures above T,. At
elevated temperature (T 1), polymeric material that
covers the AuNPs melts and diffuses to lower areas in
order to reduce the surface area of the shell that is ex-
posed to water—a surface tension effect. After cooling,
the now thicker/denser interparticle regions of the
shell are less permeable to the same molecule. Figure
6 summarizes our general hypothesis, showing a cross-
section of a shell containing two embedded AuNPs
that is permeable to a molecule.

Encapsulation and NIR-Induced Release of Dextran. Micro-
capsules with the shell structure (PDADMAC/Au/PSS),
were used to compare the release efficiency of shells
containing nonaggregated and aggregated AuNPs. For
the laser-induced release experiments, fluorescently la-
beled dextran was encapsulated at 54 and 59 °C for cap-
sules doped with aggregated and nonaggregated
AuNPs, respectively. These temperatures were chosen
from the data plotted in Figure 2, to obtain samples of
comparable diameter, wall thickness, and fluorescence
intensity. In accordance with the data obtained from
the permeability studies, the samples retained the en-
capsulated material and no changes in fluorescence in-
tensity were found after 5 months of storage (4 °C,
dark conditions). (PDADMAC/Au/PSS), microshells with
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Figure 5. AFM visualization of the changes in the surface roughness of capsules. Top: 3D rep-
resentation of the surface profiles of capsules doped with nonaggregated gold nanoparticles
before (A) and after heating at 40 °C for 20 min (B). Below: Capsules containing aggregates of
gold nanoparticles before (C) and after heating (D). Some single particles (A,B) and aggregates
(C,D) are indicated by an arrow in the images. Nonaggregated gold nanoparticles render the
capsule’s surface very rough in comparison to capsules containing aggregated particles. The
roughness of either type of capsules is decreased to a similar degree after heating (if the larger
aggregates are excluded from roughness measurements). Areas shown corresponds to 0.9—1
pm?Z, The height scale is 50 nm.

encapsulated dextran were then irradiated using the la-
ser setup reported in earlier work.*” Thirty capsules
were irradiated in each experiment. The release of en-
capsulated materials from the microcontainers contain-
ing nonaggregated and aggregated AuNPs was remark-
ably different. In the former case, none of the
microcapsules exposed to the laser beam could be
opened (Figure 7A,B) within the whole range of inci-
dent laser powers (1—90 mW), also indicating that no
photobleaching takes place. The fluorescence of laser-

power required to remotely open
capsules containing aggregated
AuNPs was found to be ca. 10 mW.
At intensities below 60 mW, a sec-
ond laser exposure of 10 s was per-
formed on microshells that were
not open in the first experiment.
We observed that up to 12% more
capsules could be opened after
the second irradiation trial. Re-
peating the irradiation procedure
more than twice or increasing the
time of irradiation above 10 s did
not further improve the ratio of
opened/closed capsules, at any
given intensity. A derivative plot
of the data points found in Figure
7F (solid line) was obtained
(dashed line). The peak of this
curve, centered at 36 mW, is re-
ferred to as the threshold inten-
sity (TI). Tl is defined as the inten-
sity necessary to open more than
50% of capsules.

The moderately broad range
of laser intensities required to
open capsules (ca. 60 mW) can be
partially attributed to the size of

AuNP assemblies sandwiched within the shell. The
LSCM images D,E in Figure 7 demonstrate that upon ir-
radiation the capsules released their fluorescent con-
tent entirely. In addition, the laser-induced release of
material from microcapsules observed in LSCM was
never accompanied by their deformation or “explo-
sion” which was observed in the previous work***” and
which may limit applications due to potential dam-
ages to encapsulated materials and surrounding.

irradiated unopened microcapsules did not change af- In order to explain the influence of different arrange-
ter 48 h. A graph plotted using the percentage of open ~ Ments of AuNPs on laser-induced release behavior, we
capsules as a function of laser intensity gives a flat line  first need to consider the spectroscopic changes found
(Figure 7Q). In sharp contrast, the dextran content en-  in aggregated nanoparticles. The near-IR absorption of
capsulated in microcapsules with aggregated nanopar-  the aggregates of AuNPs originates from the interaction
ticles was entirely released at about 70 mW. In Figure of dipole moments of two or more AuNPs. The broad-
7D, each capsule was irradiated with the infrared laser ~ ness of the NIR absorption peak presented in Figure 1E
for 5's at 65 mW and was subsequently opened as pic-  supports the fact that after adding salt the formed
tured in Figure 7E. The capsule that remains fluorescent  AuNP assemblies have a large size distribution. The

after irradiation was deliberately

B » ..

kept away from the laser to dem- 2

onstrate that the fluorescence in-

tensity of the capsules did not r/é\__roj‘l ﬂ}
change after the irradiation of é

proximal capsules. The percentage
of microcapsules optically opened

Figure 6. Cross-sectional representation of a PDADMAC/PSS multilayer containing
gold nanoparticles before and after thermal treatment. Left: Interparticle regions

in this manner decreased at lower  of the wall are originally permeable to a molecule before heating. Right: During
intensity as illustrated in Figure 7F  thermal treatment, surface tension effects force the excess polyelectrolyte mate-

(solid line). The minimum laser creasing the shell permeability.
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rial surrounding gold particles to contribute to the interparticle wall thickness, de-
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number of particles per aggregates in capsules was es-
timated by TEM and found to vary largely, from roughly
15 to about 100 particles per assembly. Dynamic light
scattering (DLS) was used to attempt to monitor the av-
erage size of AuNP assemblies (by mass) as a function
of time (see Supporting Figure 2), but each measure-
ment needed about 60 s and most of the aggregation
process occurs within this time period. In some in-
stances, we observed that incorporating larger aggre-
gates containing more than 300 AuNPs brings about
defects to the microshells and renders encapsulation
less efficient. The main criterion to partially control the
size of the aggregates of citrate-stabilized AuNPs ap-
pears to be the duration of incubation of AUNPs with
salt. It was also demonstrated that stirring velocity, the
order, and rate of the mixing the electrolyte and gold
solutions may also have a great influence over the ag-
gregation behavior.*' The second point that should be
considered to explain the high release efficiency of cap-
sules containing aggregates of AuNPs concerns the lo-
calization of the particles over a small area of the micro-
capsule wall. Microcapsules containing nonaggregated
AuNPs require relatively intense laser irradiation, which,
in turn, is more likely to induce irreversible damages to
the shell, its content, and host material (e.g., living tis-
sue, cell).*? Concentrating the particles to a smaller vol-
ume within a capsule shell leads to a localization of
the heat produced by the nanoparticles upon light ab-
sorption. Therefore, aggregating AuNPs increases the
surface-to-volume ratio of the IR absorbing nanoparti-
cles, inducing the temperature of the shell material sur-
rounding the absorption centers to rise and accumu-
late in a larger area. In this sense, using nonaggregated
particles has the double disadvantage of not absorb-
ing much in the IR range and having to absorb much
more light to produce enough heat to melt sufficiently
thick regions of polyelectrolyte complex so that a
change in wall permeability can occur. A milder temper-
ature increase around an aggregate of AuNPs, suffi-
cient to exceed the glass transition (T,) of the surround-
ing polyelectrolytes within the capsules’ shell, should
be plausible. Being less dense above T, molten regions
of the capsule shell then become more permeable, al-
lowing encapsulated material to leak out (or solution
components to flow in). The individual T, value of
PDADMAC (70 °C) and PSS (200 °C) significantly de-
creased in an aqueous environment.*?>° Using differen-
tial scanning calorimetry (micro-DSC), we previously de-
termined that (PDADMAC/PSS), shells in water possess
an endothermic peak centered at 40 °C, with an onset
situated at 35 °C.** Taking into account that experi-
ments were done at an ambient temperature of 25 °C
and assuming that T, for PDADMAC/Au/PSS), capsules
does not vary significantly from that of (PDADMAC/
PSS), shells, it is highly probable that an increase of 10
°C or more is necessary to exceed T,
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Figure 7. (Top) Capsules containing nonaggregated gold particles:
representative LSCM caption of microcapsules with encapsulated Al-
exa Fluor 555 dextran before (A) and after (B) exposure to infrared la-
ser. No capsules could be opened at any power intensity (C). (Bottom)
Capsules with aggregated gold particles: microcapsules with encapsu-

lated labeled dextran before (D) and after (E) exposure to infra
ser using an incident intensity of 65 mW. A plot correlating th
capsules opened (30 capsules per measurement) as a function

red la-
e % of
of

power (F, solid line) and its derivative (F, dashed line) are shown.

Simulating the Heat Distribution around Nanoparticle
Assemblies. The release of encapsulated polymer upon
NIR laser illumination from microcapsules containing
aggregated nanoparticles is due to their higher absorp-
tion of laser light. We have simulated the temperature
rise on nonaggregated and also on aggregated AuNPs.
The size of nanoparticles taken was 20 nm, the absorp-
tion coefficient®®! of nanoparticles, Q, is ~1.6 at the
surface plasmon resonance (520 nm) and Q ~ 0.02 at
830 nm. Using these parameters, the temperature rise
on a single AuNP was calculated to be ~0.5 K when il-
luminated at 830 nm with a power of 50 mW. In the sim-
plest aggregation case, where a short linear chain of
AuNPs is formed, a second absorption peak can be
found in the NIR region of the electromagnetic spec-
trum. The absorption coefficient at 830 nm for an ag-
gregate of AuNPs is estimated to increase 5-fold (Q ~
0.1) in comparison with stand alone nanoparticles.3® In
addition, another effect that contributes to temperature
rise upon aggregation is surface-to-volume ratio upon
bringing nanoparticles in close proximity, which was es-
timated to contribute up to 30% of the temperature
rise. The temperature increase presented in Figure 8
was adjusted due to absorption change of aggrega-
tion, and although a single nanoparticle was calculated
to increase its immediate environment by less than 1
K, a linear assembly of four nanoparticles can produce
up to 7 K. If a small aggregate composed of merely four
AuNPs already has the potential to produce a signifi-
cant temperature rise, then the larger and more com-
plex aggregates induce larger temperature rises. Ex-
amples of a nonaggregated and linear assembly type
of AuNP distribution in microshells are shown in pan-
els A and B of Figure 8, respectively. The microcapsules
used for this work were found to possess aggregates
containing between a dozen to over a hundred AuNPs
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Figure 8. Modeling the temperature distribution for nonaggre-
gated (top) and aggregated nanoparticles (bottom). Nonaggre-
gated nanoparticles do not possess absorption in the near-IR part
of the spectrum. For 20 nm nanoparticles, the absorption coeffi-
cient is about 0.02 at 830 nm, so the temperature rise at 50 mW of
incident power is less than 1 degree. For a single line of four ag-
gregated nanoparticles, a temperature rise of 7 K can be pro-
duced (red). TEM images of uniform distribution and aggregates
of nanoparticles are shown on the left side of corresponding
simulations. The scale bars for the TEM images are 100 nm.

assembled in linear or mesh-like aggregates. We sus-
pect the larger, more common mesh-like type of nano-
particle assembly to be the result of several linear struc-
tures aggregating together. Larger aggregates are
expected to produce even higher temperature rises
than estimated here due to higher surface-to-volume
ratio. The temperature rise on a linear aggregate is illus-
trated in the simulation, Figure 8B, where the heat pro-
duced by the centermost linear structure appears to
overlap with that of a second nearby assembly (and
there is no blue or cooler region in between). On the
other hand, the nonaggregated nanoparticles do not
induce substantial temperature rise (Figure 8A). As
noted above, the closely located nanoparticles increase
temperature due to higher surface-to-volume ratio

and interacting dipole moments induced on each nano-
particle. Our data for estimating the temperature rise

METHODS

Preparation of Silica Templates. The fabrication of (PDADMAC/Au/
PSS), microcapsules was done on 4.78 pm (Microparticles
GmbH, Germany) particles using the layer-by-layer deposition
technique. Typically, T mL of template SiO, particles solution was
first cleaned from stabilizers in a sonication bath after resuspend-
ing them in a 1:1 solution of water and isopropanol.

Layer-by-Layer Assembly of Polyelectrolyte Microshells. Solutions of
poly(diallyldimethylammonium chloride) (PDADMAC, Sigma-
Aldrich) (2 mg/mL, 0.5 M NaCl), 20 nm colloidal gold (Sigma-
Aldrich), and poly(styrenesulfonate, sodium salt) (PSS, Sigma-
Aldrich) (2 mg/mL, 0.5 M NaCl) were prepared without further
purification. For the capsule sample containing nonaggregated
gold nanoparticles, SiO, templates with PDADMAC as the outer-
most layer were resuspended in a mixture of water and colloid
gold solution while gently stirring. For microcapsules with aggre-
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are in agreement with those published by other
groups,? and we note that the temperature rise is not
sufficient for vapor bubble formation®® and cell
destruction.>*

CONCLUSIONS

Polyelectrolyte PDADMAC and PSS hollow shells
were constructed and functionalized with citrate-
stabilized gold nanoparticles in either uniform (nonag-
gregated) or aggregated (possessing near-IR peak)
state. For encapsulation by thermal shrinking, micro-
capsules with nonaggregated gold nanoparticles re-
quire more thermal energy than those with aggregates,
while both types require higher temperatures than the
control sample containing no nanoparticles. This be-
havior is ascribed to the limitations in lateral movement
of polymers upon introduction of nanoparticles. In the
thermally shrunk state, the permeability of the
microshells to dextran polymers is the highest for mi-
crocapsules possessing no nanoparticles, while it is the
lowest for microcapsules with uniform distribution of
nanoparticles. This is attributed to the wall of the micro-
shells becoming thicker or denser at elevated tempera-
tures as a result of additional polymeric material that
formed multilayers around the gold particles diffusing
between neighboring gold particles. The shrinking of
polymeric microshells doped with both nonaggregated
and aggregated gold nanoparticles depends on the
concentration of encapsulated dextran molecules. Re-
lease of the encapsulated materials from capsules con-
taining aggregates of gold particles can be performed
at low power of near-IR laser, while no release takes
place for capsules containing nonaggregated gold par-
ticles. This difference is explained by more efficient, lo-
calized temperature rise around aggregates of gold
nanoparticles due to higher absorption coefficient and
higher surface-to-volume ratio—calculations of the
temperature rise agree well with these conclusions.
The results presented in this work are relevant for intra-
cellular delivery,® membranes,> nanoparticles deliv-
ery,® anticorrosion protection,®” and other light- and
thermo-responsive materials and methods in general.

gates of nanoparticles, the same mixture of colloidal gold was
prepared but in a solution of 0.1 M NaCl and was left to incu-
bate for 60 s before resuspending the PDADMAC-coated silica
with the solution of now aggregated gold. The templates were
further dissolved in HF (0.3 M) solution, and the sample was then
washed with water until the pH of the solution reached >5.
Thermal Shrinking of Microshells, Permeability, and Encapsulation of
Fluorescently Labeled Polymer. General thermal shrinking behavior
was determined at 5—10 °C intervals from 30 to 80 °C by immers-
ing a microcapsule suspension in a thermostatted water bath
for 20 min. Capsule diameter and standard deviation (CL = 95%)
were determined by averaging the diameter of 30 capsules us-
ing a laser scanning confocal microscope. The permeability ra-
tios of microshells as a function of shell diameter were deter-
mined from profiles of 60 capsules per data point. Polymeric
shells were thermally shrunk to different diameters from 35 to
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55 at 5 °C intervals. After cooling, the shrunk samples were sepa-
rated in two aliquots, each mixed with either Alexa Fluor 488
dextran (AF488, 3 kDa, Invitrogen, Germany) or TRITC dextran
(65—76 kDa, Invitrogen, Germany). The encapsulation of Alexa
Fluor 555 dextran (AF555, 10 kDa, Invitrogen, Germany) was
done by heating a mixture of capsules and AF555 (0.1 mg/mL)
for 20 min at required temperatures. For remote release experi-
ments, shrinking was done at 54 and 59 °C for samples contain-
ing aggregated and nonaggregated gold, respectively. The mix-
ture was left to vortex at low speed for 20 min before heating in
order to allow the fluorescent polymer to diffuse across the mul-
tilayer complex. The samples were allowed to cool for 5 min
and washed twice with water to remove nonencapsulated fluo-
rescent label.

Microshell Characterization. Transmission electron microscopy
(TEM) was done using a Zeiss Omega EM 912 at an operating
voltage of 120 kV. Confocal laser scanning microscopy (CLSM)
was used to visualize the capsules in solution. Images were re-
corded by means of a 100X/1.4—0.7 oil immersion objective. A
CARY 50 conc. (Varian, Germany) UV —vis spectrophotometer
was used for absorption spectra measurements. AFM measure-
ments were performed in air at room temperature using a Nano-
scope lll Multimode AFM (Digital Instruments, USA) operating
in a tapping mode. The wall thickness of capsules was calculated
by averaging the thickness of flat regions of at least 30 capsules.

Remote Release of Labeled Polymer from Microshells. A homemade
laser setup equipped with a CW laser diode operating at 830
nm with intensities of up 90 mW was used according the earlier
presented method.?**? The fluorescence of all capsules contain-
ing nonaggregated or aggregated gold particles that were irra-
diated once, but did not release their content, was irradiated a
second time and observed again by LSCM. The fluorescence of ir-
radiated capsules was also monitored 48 h after lasing to en-
sure that no capsules with nonaggregated nanoparticles, which
after irradiation still had fluorescence, slowly released their
content.

Temperature Simulation. In the simulations using the program
Femlab (Comsol AB, USA), the heat capacity of water was taken
as 4200 J/kg - K, heat conductivities of water and gold are 0.54
and 320 W/mK, respectively. The beam radius was taken at ~1
wm, and transmission through the objective®® was taken at
~60%. Optical constants for gold were taken from the previ-
ously published work.>®
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