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Drug delivery into biological cells is an important and
growing area of application.[1] Among other systems, such as
gels,[2] polymeric micelles,[3] liposomes,[4a,b] and colloids,[4c]

nanoengineered polyelectrolyte multilayer microcapsules[5]

offer a unique opportunity to combine surface multifunction-
ality with design flexibility for the delivery of encapsulated
materials into designated compartments and cells.[6] Further-
more, microcapsules can be arranged in arrays for imag-
ing,[7a,b] could be appropriate candidates for a cell-sorting
system,[7c,d] and serve as fluorescence markers for the
characterization of cells by fluorescence-activated cell sorting
(FACS).[7e] The capsules are fabricated using the layer-by-
layer (LbL) method[8] by alternately adsorbing oppositely
charged polymers on colloidal templates followed by core
dissolution. In this regard, proteins and biocompatible
polymers have also received increased interest.[9] The main
advantage of such a method is the precise control over the
chemical composition of the surfaces.

In the area of biomedical applications, polyelectrolyte-
multilayer capsules are envisioned for the delivery of
encapsulated materials into biological cells.[6] Recently, we
have presented the real-time monitoring and remote release
of encapsulated materials from polyelectrolyte-multilayer
capsules on the single-capsule level.[10] Such an approach[10]

is different from the studies reported by other research
groups[11] in that it is performed on a single-capsule level,
which is the method ideally suited to applications where
precise control is necessary. In addition, the distinctive feature
reported in reference [10b] is the measurement of the
temperature rise induced locally by absorption of laser light
by nanoparticles.

In general, nanoparticles[12] are becoming ubiquitous
components that link chemistry and physics with biology
and biochemistry. They can be embedded in the walls of
capsules to provide functionality,[6a] and they are also finding
increasing interest for biological imaging.[13] Herein, we show
that polyelectrolyte-multilayer capsules containing metallic
nanoparticles in their walls can be remotely activated to
release encapsulatedmaterial inside living cells. Fluorescently
labeled polymers were chosen as a model system for
encapsulated materials. The remote-release experiments
were conducted according to the following scheme. The
polyelectrolyte-multilayer shells were doped with metal
nanoparticles, which served as absorption centers for energy
supplied by a laser beam. These absorption centers cause local
heating that disrupts the local polymer matrix and allows the
encapsulated material to leave the interior of the capsule.

When using lasers with biological objects, it is important
to minimize the absorption of laser light by cells and tissue.
This can be accomplished by choosing the laser wavelength in
the biologically “friendly” window[14a,b]—the near-infrared
(NIR) part of the spectrum. Usually the spectral properties of
water[14c] serve as a good criterion, as it constitutes 80–85% of
eukaryotic cells. Indeed, in water the temperature rise in the
focus of a laser diode with wavelength 850 nm and operating
at optical powers up to 100 mW during less than 1 s exposure
time was reported to be under 1 K.[14d] Other important
parameters that control the interaction of laser light with the
absorption centers are the size of the nanoparticles and their
concentration on the microcapsules.[10b] The concentration of
metal nanoparticles plays an important role for two reasons:
1) when the distance between the two adjacent nanoparticles
is of the order of their size, the thermal effects produced by
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adjacent nanoparticles add up; and 2) the interaction of
nanoparticles located in close proximity to each other results
in an increase of absorption at lower energies or higher
wavelengths (causing the so-called red shift) compared to the
surface plasmon resonance band of stand-alone nanoparti-
cles.[15] In this regard, spatial arrangement of the nanoparticles
is essential[16a–c] and control of their distribution is para-
mount.[16d]

In the present studies we used silver nanoparticles[10a] for
the remote activation of microcapsules, defined as deforma-
tion of their shape upon laser illumination, inside the cells.
These nanoparticles were chosen because they provide dark
contrast in transmission microscopy as a result of their high
concentration on the capsules. Most of the silver nano-
particles were larger than 20 nm. These features lead to
nonvanishing absorption[10a] in the NIR part of the spectrum
as a consequence of dipolar and higher-order multipolar
contributions[15b,c] and interaction between the nanoparti-
cles.[15a] This finding is consistent with the visible–NIR
spectral characteristics of silver nanoparticles with larger
sizes[15b] located in clusters.[15c] Further studies were conducted
of the release of encapsulated polymers from microcapsules
containing gold and gold sulfide nanoparticles.[17] These
nanoparticles absorb in the NIR part of the spectrum,[17]

and the nature of the NIR absorption is the subject of
continuing research.[17e]

Encapsulation of macromolecules can be performed, for
example, by pH-controlled[18] swelling and shrinking of
capsules[19] or with a matrix polyelectrolyte system.[20] We
encapsulated an Alexa Fluor 488 (AF-488) dextran conjugate
by a thermal[21] treatment method developed by KDhler
et al.[21b] and based on the size reduction of strong polyelec-
trolyte sodium poly(styrene sulfonate)(PSS)/poly(diallyldi-
methylammonium chloride) (PDADMAC) microcapsules
upon heating. Indeed, temperature was shown to affect the
polyelectrolyte multilayers.[22] The heat-induced shrinking of
microcapsules with a balanced charge ratio of polyelectro-
lytes is attributed to the reduced water/polyelectrolyte inter-
face and subsequently lower surface energy.[21b] Therefore, the
heat treatment of microcapsules applied in our study was
accompanied by a reduction in size from about 4.5 to about
3 mm, which entrapped the dextran.

Figure 1 presents AFM images of a typical dried capsule
before and after heat treatment. Upon heat treatment, the
thickness of the walls of the capsules increases from about 14
to about 42 nm. Furthermore, the polymers incorporated
inside the capsules smooth the surfaces of their walls. Peaks
and valleys in the range of 55–120 nm can be seen in the
thermally treated capsules without encapsulated polymer
(Figure 1d–f). In contrast, the thermally treated capsules
containing encapsulated polymer exhibit a uniform thickness
of about 40 nm. The presence of polymers inside the micro-
capsules leaves the average wall thickness virtually
unchanged but alters the texture and reduces the roughness
(Figure 1g–i). Nanoparticles embedded in the walls of the
capsules can also be seen after heat treatment (inset to
Figure 1 i). The capsules were constructed on silica templates,
which have a negligible effect on polyelectrolyte multi-
layers.[21b]

The mechanical properties of the polyelectrolyte micro-
capsules[23a–f] and multilayers[23g–j] have been the subject of
extensive research. The studies conducted by AFM[23b,c]

revealed that forces in the range of hundreds of piconewtons
are sufficient to induce buckling of capsules that were not
thermally treated. The study of the mechanical properties of
thermally treated PSS/PDADMAC capsules at room temper-
ature demonstrated[23e] that after heating for 20 min at 50 8C,
the stiffness increased by four times (from � 220 to
� 870 pNnm�1) and, even more remarkably, by more than
ten times (from � 220 to � 2600 pNnm�1) upon heat treat-
ment at 55 8C. Such an enhancement of the stiffness is
attributed to the increase of the wall thickness that accom-
panies the heat shrinking. The improvement of the mechan-
ical integrity of thermally treated capsules was also consistent
with our observations,[6c] as the thickness of the walls has an
important influence on the percentage of capsules that are
deformed upon ingestion by cells. Capsules with thicker walls
are less likely to be deformed, and are thus more suited to the
delivery of encapsulated materials.

All encapsulation and release experiments were per-
formed with the AF-488 dextran conjugate because it is
significantly brighter and more photostable than other green
fluorophores,[24a,b] which is a required condition for experi-
ments under physiological conditions. The pH stability of
encapsulated AF-488 dextran at different pH values was

Figure 1. a,b) AFM and c) TEM images of (PSS/PDADMAC)4 polyelec-
trolyte-multilayer capsules with gold and gold sulfide nanoparticles
embedded in their walls before thermal treatment; the height marked
by the red arrows in the inset to (b) corresponds to 28 nm. d,e) AFM
and f) SEM images of a similar capsule after thermal treatment
without encapsulated polymer; the heights marked by the green, red,
and black arrows in the inset to (e) are 55, 87, and 120 nm,
respectively. g,h) AFM and i) TEM images of a similar capsule after
thermal treatment with encapsulated AF-488 dextran. The height
marked by the red arrows in the inset to (h) is 82 nm; the inset to (i)
shows a magnified area. All values for heights correspond to the
double wall thickness. The scale bars in all images correspond to
1 mm.
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investigated in comparison to that of fluorescein isothiocya-
nate (FITC) dextran (see Supporting Information), which is a
commonly used, strongly pH-dependent, fluorescently
labeled polymer that exists in four forms in solution.[24c–f] At
pH> 5, both phenol and carboxylic groups of the FITC dye
molecules are ionized, whereas at pH< 5 the majority of them
are in their neutral or cationic, predominantly nonfluorescent,
state. This results in decreasing fluorescence at lower pH
values (see Supporting Information). A sharp contrast
between the pH stability of AF-488 and FITC dextran is
observed. Therefore, AF-488 can be used in experiments
where stability is required, whereas FITC is intended for pH
and other sensors. In addition, experiments were performed
to determine both the mechanical integrity of capsules
without nanoparticles and the photostability of encapsulated
AF-488 dextran.

In fluorescent dyes the excitation from the ground state to
the first singlet state S1 dominates the absorption processes,[25]

while higher-order photon excitation may influence the signal
only at high photon fluxes (typically with femtosecond
lasers).[25b] The laser wavelength (830 nm) is located outside
the 450–510 nm absorption band of AF-488 dextran (see
Supporting Information). Notwithstanding this fact, a control
experiment was conducted in which microcapsules without
embedded nanoparticles were exposed to laser light with
intensities and conditions similar to those used in the release
studies (see Supporting Information). It served to test both
the photostability (or exclude the possibility of photobleach-
ing) and the mechanical integrity of microcapsules filled with
AF-488 dextran but without nanoparticles in their walls upon
laser excitation. Illumination was performed by a laser
operating in the continuous wave (CW) mode at 830 nm
with an incident intensity of 50 mW. Notably, although the
laser operated in a CW mode, the shutter of the laser was
opened for a short pulse (on the order of seconds or less)
during the illumination. No fluorescence intensity changes
were observed before and after illumination. In addition to
test the photostability, this experiment also provides evidence
that a capsule without nanoparticles is not deformed upon
illumination with laser light. Note that the laser beam was
directed from the top, thus pushing the capsule against the
cover slide as a result of the radiation pressure of light[26] so
that the capsule remained in the focus. Further studies were
conducted with capsules containing nanoparticles in their
walls.

Before the release studies, we performed experiments on
the remote activation of capsules inside living cells. For this
purpose, we fed living cells with capsules containing silver
nanoparticles in their walls. These capsules were prepared
according to the method described previously;[10a] they had no
encapsulated material inside and were chosen for dark
contrast in transmission. An ingested capsule was illuminated
with a CW laser beam directed from the bottom and
operating at 830 nm with a power of 50 mW. Figure 2
demonstrates that a capsule can be opened or activated
remotely inside a cell. The rupture of the capsule (Figure 2c)
demonstrates that a laser–nanoparticle interaction through
thermal processes[10b] is responsible for its activation. Other
processes, for example transport of protons or electron

redistribution around the nanoparticles,[27] do not determine
the activation of and eventual release from microcapsules,
because the polyelectrolyte multilayers were shown to be
permeable for protons[24c] and the local redistribution of
electrons cannot cause the rupture of the capsules. In the next
step, release experiments were conducted with AF-488
dextran-filled capsules containing gold and gold sulfide
nanoparticles in the walls.

Figure 3 demonstrates the release of encapsulated AF-
488-labeled dextran inside a living cell upon laser illumina-
tion. The fluorescence image of the capsules is presented in

Figure 3a, while Figure 3b shows the superimposed fluores-
cence and transmission signals from the same cell and the
same capsules before illumination by laser light. The capsule
appears filled (Figure 3c) before illumination. Similar images
of the same capsule after illumination (Figure 3d–f) show
that, although there is some leftover fluorescence in the walls
of the capsules, most polymer molecules had left the interior
of the capsule. The leftover fluorescence traces in the walls of
the capsule are consistent with earlier reported experi-
ments.[10b] Notably, the rise in temperature during laser
illumination of capsules with embedded nanoparticles is
several degrees and it is concentrated in the vicinity of the
capsules.[10b] In our experiments, the cells adhered to the
substrate both before and after the release of the encapsu-

Figure 2. Remote activation of a capsule containing silver nanoparti-
cles in its walls. The capsule was ingested by a living MDA-MB-435S
cancer cell. The images show the cell before (a), during (b), and after
(c) illumination with a laser. The scale bars correspond to 10 mm.

Figure 3. Sequence of images showing the release of fluorescent AF-
488 dextran inside a living MDA-MB-435S cell. a) Fluorescence image
of a filled capsule; b) superimposed fluorescence and transmission
images of the capsule inside the same cell; c) fluorescence intensity I
profile plotted along the length L of the red line in (a). d)–f) Similar
data after exposure of the cell to a laser beam. The scale bars in all
images correspond to 5 mm.
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lated polymer, which indicates that this method is feasible for
the delivery of encapsulated materials into cells.

In the activation and release experiments, contrary to the
photostability tests, the laser beam was directed from the
bottom onto the chamber containing the living cells because
of its design. In such a geometry, capsules not taken up by
cells are pushed up by the laser beam and away from the field
of view as a result of the radiation pressure of light.[26] This
effect is demonstrated in Figure 4, which shows that capsules

situated on top of a cell are pushed out of the field of view by
the laser. Figure 4a shows that an agglomerate of capsules is
located in the field of view slightly above the cell, whose
contours can also be seen. Figure 4b shows the same cell and
the same agglomerate of capsules during laser illumination,
while Figure 4c presents the same cell after liftoff of the
capsules. The agglomerate of the capsules is not a heavy
aggregate, as part of it can still be seen in Figure 4c. Besides,
the cell itself did not undergo changes, which is consistent
with the data reported for the temperature rise during laser
illumination.[14d] These experiments with “flying capsules”
demonstrate that the release of encapsulated material can be
carried out only from capsules internalized by the cells;
capsules merely adherent to the outer membrane were lifted
up and away from the imaging plane.

In conclusion, the release of encapsulated material from
polyelectrolyte-multilayer capsules has been demonstrated
inside living cells. Metal nanoparticles were incorporated
inside the walls of the capsules, and served as energy-
absorbing centers for illumination by laser light. AF-488
dextran was successfully incorporated into the capsules using
a novel heat-shrinking method. The capsules obtained by such
a method exhibit improved mechanical stability—properties
important for the delivery of encapsulated material. Upon
illumination by laser light, the encapsulated dextran leaves

the interior of a capsule inside a living cancer cell. Capsules
not internalized by the cells are pushed up by the laser and
move away from the field of view upon laser illumination
from the bottom. The study presented herein serves as a
significant step toward the use of polyelectrolyte-multilayer
capsules for the delivery of medicine into biological cells, and
is, therefore, relevant to research on drug delivery.[1] The
presented method is different from previous, albeit also
important, studies in that it is conducted on an individual-
capsule level and offers an improved degree of control and
monitoring.

Experimental Section
Polyelectrolyte-multilayer capsules were prepared according to the
previously described method.[5, 21] Silica particles (SiO2, 4.55 mm;
Microparticles GmbH, Berlin, Germany) were alternately coated
with four double layers of PDADMAC (Mw� 200–350 kDa; Sigma–
Aldrich, Munich, Germany) and PSS (Mw= 70 kDa; Sigma–Aldrich).
FITC dextran (Sigma–Aldrich) was used in pH stability tests. All
chemicals were used without further purification. The water used in
all experiments was prepared in a three-stage Millipore Milli-Q
Plus 185 purification system and had a resistivity higher than
18.2 MWcm.

For activation studies, silver-containing microcapsules were
prepared according to the method described earlier.[10a] For release
studies, gold and gold sulfide[17] nanoparticles were deposited in the
layers according to the method described earlier.[10b] After deposition
of eight polyelectrolyte monolayers, silica cores were dissolved in
0.1m HF.[21b] Alexa Fluor 488 dextran conjugate (AF-488 dextran,
Mw= 10 kDa; Invitrogen, Karlsruhe, Germany) was encapsulated in
(PDADMAC/PSS)4 capsules according to the thermal treatment
method.[21b,c]

The optical setup used in the experiments was similar to that
described previously.[10] The laser was operated in CW mode, and the
shutter was opened during illumination for brief pulses of the order of
seconds or less. MDA-MB-435S cancer cell lines were used in the
experiments; they were seeded on the substrate overnight, then
approximately 30 capsules per cell were added and the experiments
were carried out after incubation for 4 h as previously reported.[6c]
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