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ABSTRACT

Laser mediated remote release of encapsulated fluorescently labeled polymers from nanoengineered polyelectrolyte multilayer capsules containi ng
gold sulfide core/gold shell nanoparticles in their walls is observed in real time on a single capsule level. We have developed a method for
measuring the temperature increase and have quantitatively investigated the influence of absorption, size, and surface density of metal
nanoparticles using an analytical model. Experimental measurements and numerical simulations agree with the model. The treatment presented

in this work is of general nature, and it is applicable to any system where nanoparticles are used as absorbing centers. Potential biomedical
applications are highlighted.

Increasing interest in research on polyelectrolyte multilayers ability of the capsule walls. Release experiments have been
(PEMs) is stimulated by potential applications of this done in the past with volume solutions of microdedsd
technology in the area of drug deliver\icrocapsules are  capsuled® To date, however, no data have been reported
fabricated by the layer-by-lay®(LbL) technique through  on monitoring the real time release of encapsulated materials
the alternate adsorption of oppositely charged polyelectro- on a single capsule level, and no analysis of parameters
lytes® on various colloidal templates. Subsequently, the core affecting the remote release has been presented. The goals
is dissolved* and the remaining shells serve as capsules for of this work are threefold: first, to investigate the remote
materials such as polymers, enzymes, catalysts, etc. Thaelease of encapsulated fluorescently labeled polymer in real
unigueness of such microcontainers is that they allow for time in order to demonstrate that the polymer leaves the
tailoring the composition of their walls including incorpora- interior of the capsules on a single capsule level; second, to
tion of metal nanoparticles. This makes them suitable as develop a quantitative analysis of the influence of the
potential delivery vesicles, including, as was shown recently, properties of metal nanoparticles including absorption, size,
applicability for delivery of chemicals into cancer célls, and surface density on the release mechanism; and third, to
where the role of the microcapsules is not only to control develop a method for measuring the temperature increase in
the surface chemistry but also to protect the encapsulatedthe vicinity of capsules for estimating the efficiency of
material during its delivery. The ability to remotely release nanoparticles as absorbing centers for remote release.
the encapsulated material at the site of interest is importantQuantitative analysis was performed using an analytical
in the drug delivery aredWith laser technology, the method model introduced to account for the temperature increase in
relies on making the walls of the capsules sensitive to light the vicinity of the capsules during laser light illumination.
by doping them with metal nanoparticles or organic d{fes. The temperature rise during laser illumination was both
Upon laser light illumination they absorb laser energy and measured experimentally and simulated numerically. The
disrupt the local environment, thus increasing the perme- remote release experiments and temperature measurements
were made using laser diodes with wavelengths located in
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Figure 1. Schematic of a polyelectrolyte multilayer capsule with
encapsulated rhodamine labeled polystyrenesulfonate polymer
(PSS-Rh). Polyelectrolyte multilayer walls of capsules consist of
polysterenesulfonate (PSS) and polyallylamine hydrochloride (PAH)
polymers and metal nanopatrticles.

for investigation of the release properties by individually
addressing each capsule. The earlier work with silver nano-
particles was performed on MF (melamine formaldehyde)
corest! It was found that these cores leave a sponge-like
matrix inside the capsules due to remaining MF oligoniérs.
Therefore, the remote release experiments with such capsules
could be ambiguous. To overcome this obstacle we have used
PS (polystyrene) cores that were shown suitable for fabrica-
tion of genuinely hollow capsulé$.Briefly, coating with
polyelectrolyte multilayers was done using a 10% suspension
of PS latexes in water. In this work we have used cores with
diameters of 5 or 1um. The particles were mixed with .
polyallylamine hydrochloride (PAH) in 0.5 M NaCl aqueous b

solution, and coating with one PAH layer reversed their _ ) N )
charge from negative to positive. They were further coated F94r€ 2. (&) SEM image of a capsule containing gold suifide

. . . core/gold shell nanoparticles, (b) TEM image of a similar capsule
with a polystyrenesulfonate (PSS) layer in a similar mafner, gnowing two types of nonaggregated gold nanoparticles with sizes
including a layer of metal nanoparticles. The influence of around 10 nm and gold sulfide core/gold shell nanoparticles with
adsorption conditions including pH and ionic strengths was sizes 20 to 50 nm.
reported previously* 16 Hollow capsules were obtained by
dissolution of the PS cores in tetrahydrofuran (THF). Hollow nanoparticles on capsul&sand silver and palladium nano-
(PAH/PSS) capsules containing metal nanoparticles in their particles on capsulé$.In this work we have investigated
walls were filled with rhodamine-labeled PSS (PSh)’ the release and parameters affecting the release with capsules
by pH-induced encapsulation. The schematic of a filled containing gold sulfide core/gold shell nanoparticles pos-
capsule is presented in Figure 1. We note that effective sessing a plasmonic absorption band in the near-infrared part
encapsulation and release can be achieved with pH sensitiveof the spectruni.In our case it was possible to vary the
PEM18 Here, for encapsulation of the polymers we have used absorption in the range of 65000 nm by changing the
the property of the capsules to increase the permeability of synthetic conditions of reaction. The nanoparticles were
the wallg® at pH values above 11.5. synthesized in water analogous to the previously described

Important constituents of polyelectrolyte multilayers in- method’ using a two-step reaction of b& with HAUCL.
fluencing their interaction with laser light are metal nano- We would like to note that interpretation of the final products
particles. Substantial research on metal nanoparticles waf this reactioA”"?°is the subject of continuing resear&hs?
performed in recent years including attachment of DNA to Experimental data on single-particle measurensérinsli-
gold nanoparticled’} functionalization of nanoparticle3, cated that the coreshell 20-50 nm nanoparticles are
comprehensive studies of gold nanoparticles on planarresponsible for increased absorption in the near-infrared part
PEMs?? and their interactions in PEM layet%.It also of the spectrum. TEM image, Figure 2, indicates that
includes the investigation of gold nanoparticles on PEM products of the reaction consist of two types of nanopar-
capsule¥' and in polymer matriX® synthesis of silver ticles: those with sizes around 10 nm, ascribed to pure gold
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reveals its round shape, inset to Figure 3a. Consequently,
the microscope coverslip containing the sample was posi-
tioned in the optical setup, and the same capsule was found
again using the markings on the microscope slide. The laser
was then switched on to illuminate the capsule. The real time
monitoring of the release revealed that the fluorescent
material instantaneously left the interior of the capsule upon
exposing the whole capsule to the laser beam as shown in
the movie available as Supporting Information. Then the
same capsule was immediately found with the confocal
microscope, Figure 3b. The transmission microscope image
presented in the inset to Figure 3b demonstrates that after
the release of encapsulated polymers the capsule was slightly
deformed but not broken or destroyed. The leftover fluores-
cent trace in the rim of the capsule, Figure 3b, is an indication
that some polymer remained in the capsule walls due to
electrostatic interaction with polyelectrolyte multilayers.
Since there is no fluorescent polymer present inside the
capsule, as seen from the confocal microscope image in
Figure 3b, it can be concluded that encapsulated polymer
was released. Control experiments were made in which a
capsule containing no gold nanopatrticles was illuminated by
the laser; no loss of fluorescence was observed then.

It was previously stated that the mechanism for remote
release of encapsulated materials is the conversion of light
into thermal energy by metal nanoparticles. To further
understand the mechanism of the interaction of laser light
with capsules containing metal nanoparticles, we introduce
a model that accounts for the influence of absorption, size,
and concentration of nanoparticles. This model establishes
relationship between the temperature increase and the amount
of absorbed energy. The temperature distribution around a
heating sphere was obtained previoli$lirhe temperature
change @ between the laser switched-on and -off states at
a certain distance; from a heating center or nanoparticle

Figure 3. Confocal microscope images demonstrating remote with the average radiug can be written as follows:
release of encapsulated rhodamine-labeled PSS polymers from a

polyelectrolyte multilayer capsule containing gold sulfide core/gold
shell nanoparticles in its walls. Fluorescence intensity profiles along dT(ry) rO3
the line through the capsule show that it is filled with fluorescent dE =— (1)
polymers before (a) and empty after (b) laser illumination. After T
the release of encapsulated polymers, the leftover fluorescent
intensity is observed only in the walls of the capsule, (b). Insets whereE = A/(3K), A is the heating rate per unit volume per
show black and white transmission microscope images of the same it K i ’th th | ductivity of th d
capsule. Incident intensity of laser diode operating at 830 nm was _un' Ime_, anas is the thermal conductivity of the Sl_Jrroun )
set at 50 mW. ing medium. The values fdE can be calculated since the
) ] rate A is proportional to the incident power density and

nanopartllcles, and those between 20 gnd 50 nm, ascribed t%tbsorptior?.“ We note that such an analysis can be applied
gold sulfide core/gold shell nanoparticles. Figures 2a and g interactions of metal nanoparticles with any external field.
2b present both types of nonaggregated nanoparticles incorgqyation 1 reveals that temperature depends reciprocally on
porated in polyelectrolyte multilayer walls. ri which, under the assumption of uniform distribution of

Figure 3 presents images of the release of encapsulategyangparticles, can be expressed through the density of nano-
polymer from a single capsule containing coshell nano- particles or surface filling factdfs. Fsis defined as the ratio

particles in its wall. A capsule filled with rnodamine-labeled ¢ the sum of all cross sections nfimetal nanoparticles per
PSS could be transferred between a confocal microscope angh,e capsules, to the surface area of one capsie:

an optical setup similar to that reported in reference 8. A
modification was added to equip such a setup with fluores-

cence imaging. The capsule was first located on the confocal i 5 )
microscope and had a uniform distribution of fluorescent : nry
intensity inside, Figure 3a. The transmission microscope Fs= R 2)
image of this capsule before interaction with laser light % 4R,
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whereR, is the radius of a microcapsules = 1 corresponds

to complete coverage of capsules with metal nanopatrticles.
The temperature decreases quickly with distaficand
therefore it is accurate, particularly for low valueskef to
express the contribution only from the nearest neighbors. The
average distance between nanoparticles can be expressed i
follows:

2

s

Then eq 1 can be written in the following form:

o= r, 3)

NG @)

The significance of eq 4 is that it links the rate of
temperature increase as a function of heating energy orl
intensity, which is a measurable quantity, with material -—-2
parameters of the metal nanoparticles. However, this model 7 <
is applicable for a system containing only monodisperse
nanoparticles. We further consider a system comprising two

types of nanoparticles of different sizes. Both smaller and 0 22

larger nanoparticles would have their own absorption, radius, .

and surface filling factors. Equation 4 can then be extended Distance [pm]

to take into consideration the contributions of these two

populations of nanoparticles: Figure 4. (a) Typical image of a hollow capsule containing gold

sulfide core/gold shell nanoparticles in its walls is shown immersed
0T (0P e 4 0P [FD Swiched on. the temperature around the capstle mereases and
dE= (rg \/E NRAL \/E) ) fluorescence,of the dyepsolution around the capgule becomes darker.
(c) Experimentally measured data for temperature chafge
- (hollow dots), extracted along the dotted line in (b), are shown
where each term with indexes 1 and 2 refers to the nano-y,gether with simulated (solid line) temperature distribution induced
particles with smaller and larger sizes, respectively. In eq 5 by 980 nm laser diode operated at 25 mW. Zero coordinate is
E = E1 = AJ/(3Ky1), andy = (02K1(1 — Rp))/(01K2(1 — Ry)) located at the center of the capsule.
~ o la; if the surrounding medium is unchangéd,andR,
are the thermal conductivity of the medium and reflectivity, right-hand side of eq 5 is proportional to the ratio of
respectively, andy is the absorption coefficient for the  absorption coefficientg andr, in power of two. That should
smaller (=1) and largeri&2) nanoparticles. It can be noticed lead to higher temperature increase rates for nanoparticles
that the model, which takes into considerations the contribu- with larger size and enhanced absorption. The analytical
tions from two types of nanoparticles (eq 5), is a more model presented here can be tested experimentally and
general case that is reduced to the simpler case representedpplied for analyzing nanoparticles by measuring the tem-
by eq 4 when no second type of nanoparticles is presentperature increas&T around capsules during laser illumina-
(F(SZ’ = 0in eq 5). The expression for temperature depen- tion.
dence of capsules with only one type of nanoparticles (eq We have developed a method for measuring the temper-
4) does not explicitly have the absorption coefficient of metal ature increase at the surface of capsules during laser light
nanoparticles. Howevek is a function of the heating rate illumination based on the previously reported technigffé.
A, which depends on absorption. The higher absorption This approach is new since all previously existing optical
coefficient results in more absorption of energy leading to probes of temperature were applicable only for nonaqueous
higher temperatures. In the case of the system of two typessolutions. The method is based on measuring the fluorescent
of nanoparticles, the coefficient reflects the influence of  intensity change around a hollow (unfilled) capsule immersed
the larger nanoparticles relative to that from the smaller in a pH sensitive dye (BCECF, Molecular Probes) in a TRIS
nanoparticles. Furthermore, the dependence of the tempersolution. When metal nanoparticles incorporated in the walls
ature increase rate on the size of nanoparticles is quadraticof the capsule are heated, the solution around it becomes
eg 4 and eq 5. This dependence is of particular interest forless fluorescent or darker. A typical measurement of the
the system with two types of nanoparticles since the quadratictemperature distribution for a capsule containing gold sulfide
dependence o makes the influence of larger nanoparticles core/gold shell nanoparticles is presented in Figure 4. The
even more pronounced, eq 5. Indeed, the second term of thedarkening around the capsule corresponds to an increased
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temperature, Figure 4b, compared to that when no laser light
is present, Figure 4a. It can be seen from Figure 4b that the
fluorescence of the dye solution around the capsule is darker
compared to that at a larger distance from the capsule. Since
the fluorescence is measured averaged in th@r@Cthick
measurement chamber the initial evaluations of the temper-
ature give the cross-chamber average values. However, we
can reliably infer the temperature at the surface of the
capsules with a 3-D finite element thermal simulation
(FEMLab, Comsol). The temperature at the surface of the
capsules was obtained by numerical modeling in two steps.
Initially, the cross-chamber volume averaged data were
obtained numerically, solid line in Figure 4c. Figure 4c shows
that the cross-chamber average values of the simulation
matches well the experimental cross-chamber average values
(hollow dots) extracted from Figure 4b along the dotted line.
The next and final step in obtaining the surface temperature
involved numerical simulation of the temperature distribution
across 20um thick measurement chamber. Temperature
calibration of the dye was performed in a temperature-
controlled fluorometef® and all temperature measurements
were conducted with hollow capsules to avoid the fluores-
cence from the encapsulated polymers.

Analysis of the temperature increase during laser light
illumination can be used for the estimation of the efficiency
of metal nanoparticles as light absorbing centers. More
efficient nanoparticles require lesser energy for release of
encapsulated materials. The capsules with gold sulfide core-
gold shell nanoparticles (Figure 2) used for release of
encapsulated materials can be analyzed using the model with
two types of nanoparticles, eq 5. However, a simpler system
with only one type of gold nanoparticles can be used to test
the simplified model with only one type of nanoparticles,
eq 4. For these experiments we used gold nanoparticles
prepared according to the previously reported mefidt.
can be seen from Figure 5 that these nanoparticles are nofFigure 5. TEM images of capsules containing gold nanoparticles
monodisperse (5 to 10 nm) but their polydispersity is (with sizes 5 to 10 nm) in their walls withs = 0.2 (a) andFs =
relatively small compared to that of gold sulfide core/gold gfm(cbl)és':,s%V::sﬁfé%“'"E‘);eduz?i‘f’seipoenctfgmftggagﬂg ?IO?;)I%EaMno-
shell nanoparticles. The size of these gold nanoparticles canneasurements.
be approximated by the average value but the surface filling
factor Fs can be varied. For examplEs equals to 0.2 for  the factor of 2 results in the increase of the slope by the
the capsule presented in Figure 5a, wifile= 0.4 for that factor 1.58, which is close t@/2 ~ 1.41 predicted by the
in Figure 5b.Fs is adjusted by changing the concentration model. Direct comparison of samples, particularly with
of nanoparticles while keeping the concentration of the different nanoparticles, albeit providing valuable qualitative
capsules unchanged. Figures 5a and 5b show that althouglestimation of the influence of absorption and size, is not as
the distribution of metal nanoparticles is nonuniform, it can rigorous. However, it is possible to estimate the influence
be varied to a large extent. The absorption spectrum, Figureof the size of nanoparticles by comparing the two samples
6a, reveals that these nanoparticles possess only the plascontaining gold sulfide core-gold shell nanoparticles. As it
monic absorption pedk around 520 nm. The measured was already mentioned above, both of these two samples
temperature increase rates for the capsules with these goldire composed of the two types of nanopatrticles, the smaller
nanoparticles foFs = 0.2 and 0.4 are shown in Figure 6, and larger nanoparticles with sizes around 10 nm and 20
samples Au | and Au I, respectively. The slopes of the 50 nm, respectively. Microcapsules containing gold sulfide
graphs of the dependenceAT on AE in Figure 6b are the  core/gold shell nanoparticles without a pronounced peak in
measures of the rates of the temperature increase. Comparinghe near-infrared part of the spectrum, referred to as-Au
the data for capsules containing gold nanoparticles with ~ CS, | (hollow circles in Figure 6b), had a low filling factor,
= 0.2 and 0.4 (Figure 6b, hollow and solid squares Fs=F$ + F% ~ 0.05. The temperature increase rate for
respectively), which are only different by their concentration, these capsules was lower than that for those containing gold
it can be seen that the increase in the surface deRsiby sulfide core/gold shell nanoparticles referred to as-A$,
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1,0 for temperature at the surface of capsules presented in Figure
(Q) 6 were measured for up to five average looking capsules.
From analysis of the temperature increase rates it can be
concluded that the increased size, absorption, and surface
Au-CS, II density or surface filling factor resulted in a higher rate of
the temperature increase. Practically, that leads to reduced
surface densities of metal nanoparticles required for remote
release of encapsulated materials. The remote release on
capsules with coreshell nanoparticles was achieved with
Au AU-CS, | Fsunder 0.05. The capsules with high surface filling factor
were destroyed and buckled while those with lower surface
400 600 800 1000 filling factors were only slightly deformed. Higher temper-
Wavelength [nm] ature increase rate or higher efficiency of nanoparticles leads
also to lower energy required for remote release. Therefore,
development of novel metal nanoparticles with enhanced
absorption in the near-infrared part of the spectrum, where
the absorption of the tissue and cells is minimal, is essential
for reducing intensities and concentration of nanoparticles.
In conclusion, we have presented the results of the
influence of metal nanoparticles on the laser assisted remote
release of encapsulated materials. The real-time remote
release of encapsulated fluorescently labeled polymers from
nanoengineered polyelectrolyte multilayer capsules is dem-
onstrated by individually addressing a single capsule. The
fluorescence signal from the rhodamine label of the polymer
- showed that all encapsulated polymer left the interior of the
AE *107 [K/nT] capsule after the release. It is shown that the release is

Figure 6. (a) Absorption spectra of the metal nanoparticles used possible from capsules with a low surface filling factor or
Igu . | | u . .

in the experiments. The spectra are normalized to the peak aroundSurface density of metal nanoparticles and that the capsule
530 nm. (b) The measured rates of the temperature increase at th&l0€s not need to be deStrO}’ed for the release to take plac_e.
surface of the capsulesT as a function ofAE for the samples Increasing the surface density of metal nanopatrticles or their
with absorption spectra presented in (a).-ATS, | and Au-CS, size and absorption results in increased damage and buckling
Il are the samples containing gold sulfide core/gold shell nanopar- of the capsules. An analytical model was introduced to

ticles,Fs = 0.05 andFs = 0.18, respectively. Au, | and Au, Il are . - - - -
the samples with gold nanoparticleSs = 0.2 andFs = 0.4, investigate the influence of absorption, size, and surface

respectively.AE was calculated using the data for the incident density of metal nanoparticles on remote r_elease. The model
power density, absorption and thermal conductivity. was tested both experimentally, by measuring the temperature

) o o rise in the vicinity of capsules, and numerically, by simulat-
Il nanoparticles (solid circles in Figure 6b). The surface jng the temperature distribution. Gold sulfide core/gold shell
filling factor Fs for the capsules A4CS, Il was 0.18. The  nanoparticles were found to be more efficient absorbing
increase in the temperature increase rate is attributed both.gniers due to their larger size and increased near-infrared
to larger surface filling factoFs and also to higher absorption  gpsorption. With incident laser light intensities of up to 50
in the near-l_nfrared part of the spectrum. Figure 6a shows mW, the temperature rise in the vicinity of the capsule can
the absorption spectra for these two samples; a broadrgach up to tens of degrees at higher surface densities,
plasmonic peak around 880 nm can be clearly seen fef AU ghsorption, or size of nanoparticles. The results of the
CS, Il nanoparticles. In both of the samples with gold sulfide ana1ysis presented in this work are relevant for studying the
core/gold shell nanoparticleBs was lower than that for the  hteraction of objects containing metal nanoparticles with
capsules with gold nanoparticles while the temperature gyiera| fields and can be used for further optimization of
increase is comparable or higher. This leads to a conclusionyye materials and geometry parameters. The methods and
that gold sulfide core/gold shell nanoparticles are more technology presented in this work are of interest to drug

efficient energy absorbers, and that is ascribed to higher yejivery, specifically to the delivery of the medicine into
absorption in the near-infrared part of the spectrum and Sizépjological cells.

of gold sulfide core/gold shell nanoparticles. Higher increase
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