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Abstract
Inorganic nanoparticles such as magnetic nanoparticles,
fluorescent quantum dots, and plasmonic nanoparticles can
be used as building blocks for designing multifunctional
systems based on polymeric capsules. The properties of the
inorganic nanoparticles hereby are harnessed to provide additional functionality to the polymer capsules. Biological applications towards in vitro sensing and delivery are discussed.
Examples will be given in which magnetic nanoparticles are
used to direct capsules with magnetic field gradients, colloidal quantum dots are used to identify capsules via the formation of optical barcodes, and gold nanoparticles are used as
light-controlled heat-sources for opening capsules and releasing macromolecules from their cavity upon optical excitation.
This demonstrates that combination of inorganic nanoparticles and organic/polymeric molecules as carrier matrices
allow for tailoring multifunctional hybrid particles for practical applications.
Keywords: polyelectrolyte capsules; colloidal nanoparticles;
quantum dots; magnetic nanoparticles; plasmonic
nanoparticles; multifunctionality; delivery system; sensors;
hybrid particles.

1. Introduction
Progress in biology is often influenced by the development
of new assays or tools. They even can allow for monitoring
cellular processes which have not been experimentally accessible before, be it due to previous limits in sensitivity, longterm stability, biocompatibility, or experimental complexity.
Particle-based systems are helpful tools in this direction and
have been used as contrast agents for imaging, as sensors for
the detection of analytes, or as delivery vehicles in vitro and
in vivo [1–4]. Inorganic nanoparticles (NPs) for example can
contribute different properties based on their material composition. Fluorescent quantum dots (QDs) such as CdSe/ZnS or
InP NPs can be used as tags for cellular imaging. Magnetic
NPs such as Fe2O3 or Fe3O4 NPs can be used as contrast

agents for magnetic resonance imaging (MRI) or can be
guided in magnetic field gradients. Plasmonic NPs such as Au
or Ag NPs can be used for optical sensing or for converting
light into heat. To produce heat efficiently the nanoparticles
have to be irradiated with light in the same wavelength range
of the plasmon band absorption. The plasmon band of such
NPs can be tuned easily by changing size or shape. Plasmonic
NPs absorbing in the near-infrared region of the electromagnetic spectrum of the light are more suitable for biological
applications since the absorption of light by tissue is minimal.
Therefore, Au nanoshells, small Au aggregates or Au nanorods are convenient platforms to be used as nanoheaters [5–7].
By integrating different inorganic NPs into bigger carrier systems their properties can be combined, which thus allows for
creating multifunctional objects. Polymeric polyelectrolyte
capsules are one example of such a carrier system [8], which
is on first order held together by electrostatic attraction and
thus easily allows for integrating charged NPs of different
materials [9–11]. In this review we will show three examples
on how incorporation of magnetic, fluorescent, and plasmonic
NPs into capsules provide them particular properties useful
for in vitro delivery and sensing.

2. Polyelectrolyte capsules as universal carrier
systems
Polyelectrolyte multilayer (PEM) capsules are fabricated
following a bottom-up approach via Layer-by-Layer (LbL)
self-assembly [12] of differently charged polyelectrolytes on
top of a template particle [13, 14]. Hereby the onion-shaped
LbL geometry is held together predominantly by electrostatic
force. Subsequent dissolution of the template particle leads
to PEM capsules, cf. Figure 1. PEM capsules have several
distinct features: (i) They can carry a cargo in their cavity
and other functionalities can be integrated in their PEM walls.
Cargo can comprise macromolecules [16], hydrophobic
drugs [17], micelles [18], or NPs [19]. In addition, walls can
be modified with biological ligands or NPs. As pointed out
before NPs can be fluorescent, magnetic, light mediated heaters, etc. Loading the cavity and the walls independently with
several of the aforementioned entities allows for multifunctionality. (ii) The cargo inside the capsule cavity is protected
within the polyelectrolyte walls and does not participate in
the control over pharmacokinetics and biodistribution. Cells
which have incorporated capsules are also protected from
direct contact with the containing cargo. (iii) Size and charge
of the PEM capsules can be easily tuned [14, 20]. Size and
charge are important parameters which affect interaction with
cells. Neutral or slightly negative charge helps to reduce non-
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Figure 1 (A) Scheme of a multifunctional PEM capsule (not drawn
to scale). (B) Transmission electron microscope (TEM) image of a
PEM capsule with incorporated NPs in their wall (5 double layers of
polystyrene sulfonate Mw≈70 kDa)/poly (allylamine hydrochloride)
(Mw≈56 kDa); Au NPs with core diameter of 20 nm). The scale bar
corresponds to 1 µm. Image taken from del Mercato et al. [15].

specific uptake by living cells in vivo and positive charged
systems favored non-specific uptake [21]. (iv) The PEM wall
can be biodegradable or non-degradable and its porosity can
be tuned by the number of polyelectrolyte layers and by the
PEM materials. Due to this tunable porosity small molecules
can diffuse in and out the cavity to bulk solution, but bigger
molecules as cargo are trapped inside the cavity. The porosity
of the capsules depends strongly on the number of polyelectrolyte layers and on the presence of other entities such as
nanoparticles. Dong et al. studied, for example, the diffusion
of different fluorophores with different hydrodynamic sizes
(from 0.8 to 9 nm) for capsules made with a different number
or polyelectrolyte layers [22] but changes in the LbL process
such ionic strength, the polyelectrolyte composition and the
addition of NPs or the pH of the environment are known to
change the diffusion of analytes through the polymeric shell
[22, 23]. Nevertheless, the PEM capsule shell is in general
permeable for small ions such as H+ or Na+.
In Figure 1 the idealized scheme of a PEM capsule is
shown. It is important to point out the different size of the
NPs (hydrodynamic diameters around 10 nm) and the PEM
capsules (diameters around 3–5 µm) which will be discussed
in the following. The PEM wall of the capsules is remarkably thin, wherein each layer contributes between 1 and 10
nm to the thickness depending on the PE nature and on the
ionic strength during the LbL process [22]. Thus typically the
size of NPs incorporated in the capsule wall is bigger than
the actual thickness of the plain wall. Even at diameters of a
few microns PEM capsules are non-specifically incorporated
by most cell lines [24, 25]. Though the actual mechanism for
internalization is still not fully unraveled, most studies agree
that the internalized capsules are finally located in the lysosome. For most in vitro applications there is no acute cytotoxicity [26, 27]. Even in vivo administration generates only
a moderate immune reaction upon subcutaneous and mucosal
administration similar to some of natural and synthetic
polymer-based particles such as polylactide-co-glycolide
(PLGA) [26, 28]. PEM capsules are generally stable in cell
medium but there is anyway absorption of proteins due to their

charged surface. Nevertheless, it can be minimized by functionalizing the surface with poly(L-lysine)-g-poly(ethylene
glycol) [29]. Thus, in the case of in vitro applications capsules
have sufficient biocompatibility for performing experiments
over the time range of weeks. In the present review now three
applications of multifunctional capsules with inorganic nanoparticles will be introduced and discussed. These examples
will demonstrate how (i) magnetic NPs, (ii) fluorescent NPs,
and (iii) plasmonic NPs can be harnessed to add functionality
to the PEM capsules and facilitate applications for in vitro
delivery and sensing.

3. Magnetic NPs for targeted local uptake and
release
The idea of exploiting magnetic guidance, which uses an
implanted permanent magnet or an externally applied field,
to increase the accumulation of drugs at diseased sites
dates back to the late 1970s. Objects possessing a magnetic
moment experience a force in magnetic field gradients. In
this way it is possible to direct and accumulate those objects
at a designated target site. This concept has been successfully used for example for in vivo targeting of drug-loaded
magnetic NPs to tumor tissue [30, 31]. As pointed out NPs
can be easily incorporated in the wall of PEM capsules. In
this way the existing concept of magnetic targeting could be
easily transferred to capsules. As many magnetic NPs can
be loaded to each capsule the resulting magnetic moment is
rather high. Thus even gradients generated by magnets from
a toy store are sufficient to trap capsules at desired positions
of cell cultures in a model flow channel system [32]. The
magnetic field gradient itself does not stimulate internalization of the capsules, but it accumulates capsules by locally
trapping them. As the uptake of capsules by cells depends
on their local concentration consequently at the target region
cells have a higher number of internalized capsules. This can
be used for active delivery of cargo to the target region. One
very interesting type of “cargo” is small interference RNA
(siRNA). RNA interference (RNAi) has gained increasing
attention due to its remarkable potential to regulate gene
expression of virtually any identifiable molecular target. In
particular, gene silencing can be induced by siRNA [33].
However, this molecule can be degraded in vivo by serum
or tissue nucleases and due to its small size it suffers as well
from a rapid renal clearance [34]. Encapsulation might help
to circumvent some of these drawbacks. The concept of
magnetic targeting is very universal, and magnetic NPs can
be introduced into a large variety of carrier systems, as demonstrated above for PEM capsules. Lipospheres (stabilized
with a mixture of cationic lipids) are conceptually similar to
capsules and can also be modified with magnetic NPs in their
walls and can carry a cargo such as siRNA in their cavity.
For example magnetic targeting of lipospheres was demonstrated with HeLa cells which were expressing green fluorescent protein (GFP). Lipospheres with magnetic NPs and
siRNA against GFP expression were added in a flow channel
system above HeLa eGFP cells in which a little magnet was
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Figure 2 (A) Sketch of a liposphere containing magnetic NPs in their walls and siRNA against GFP expression as cargo. Lipospheres are
added to a flow channel above a cell culture of GFP expressing HeLa cells. A magnet is placed in the middle of the flow channel to define
the target region for magnetically targeted delivery. (B) Optical microscopy images taken 72 h after addition of lipospheres (overlay of phase
contrast and green fluorescence channel). Expression of GFP in cells close to the magnet is quenched due to the delivery of siRNA, whereas
cells further away from the magnet are unaffected. Image taken from del Pino et al. [35].

placed at the target region [35], cf. Figure 2. As mentioned
above, the magnetic field gradient accumulated lipospheres
close to the magnet, and due to their enhanced concentration
more lipospheres entered cells and thus delivered siRNA.
The siRNA interacted with a target mRNA leading to suppression of GFP expression in the cells close to the magnet.
SiRNA delivery could be observed by quenching of GFP
fluorescence in the cells nearby the magnetic field, cf. Figure
2. Similar delivery of active compounds should be possible
also with PEM capsules. Recently, the release of a fluorophore from PEM capsules loaded with magnetite upon the
action of an alternating magnetic field has been achieved in
water [36]. Thus, in vitro applications of magnetically triggered release from PEM capsules are expected in the future.
At any rate this example demonstrates that addition of magnetic NPs to carrier systems provides them with new properties, in this case with a magnetic moment, which can be used
for magnetic targeting and delivery.
Magnetic NPs embedded into PEM capsules could also
act as contrast agents for MRI imaging due to their magnetic
properties that can be tuned by changing the packing of the
NPs within the polymeric shell. They could be useful for in
vivo imaging or as theranostic agents (therapy and diagnosis)
[37]. The use of PEM capsules for in vivo applications is still
a matter of discussion but there is a general agreement about
the importance of the wall composition to avoid toxicity
effects. The use of polypeptides homopolymers or polyssacharides as polyelectrolytes and non toxic nanoparticles such
as magnetite NPs will, in principal, decrease the potential
toxic effects. Moreover, the size of the capsules could limit

their applications. Drug delivery and vaccination applications
of PEM capsules have been recently discussed by De Geest
et al. [8, 38].

4. Fluorescent NPs for barcoding of capsules
enabling spatially resolved sensing
Sensing of ions is important for a large variation of cell biological applications. One common detection technique is fluorescence detection of analyte-sensitive fluorophores. Such
analyte-sensitive fluorophores are (often organic) fluorescence
dyes, of which (in general) the fluorescence emission intensity selectively depends on the presence of a specific type of
ion, such as H+, K+, Na+, Ca2+, Cl-, etc. Presence of ions can
either enhance or quench the fluorescence, depending on the
chemical nature of the fluorophore. There are many fluorophores available to determine the concentration of different
ions such as H+ [39], K+ [40], Na+ [41], and Cl- ions [42],
etc. The response of different fluorophores can (upon simultaneous excitation) only be distinguished if they emit at sufficiently different wavelengths. Although a few fluorophores
can be independently detected, the number of fluorophores
that can be spectrally distinguished is clearly limited by their
spectral width of emission, which ultimately results in emission crosstalk and thus hinders multiplexing (Figure 3).
One suggested possibility of circumventing this problem
is based on spatial discrimination instead of spectral resolution [43]. The concept of spatial discrimination of different
ion-sensitive fluorophores is straightforward. In case each
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Figure 3 (A) Two fluorophores can be spectrally distinguished in case their wavelengths λ of emission are sufficiently different. (B) In case
two fluorophores emit at similar wavelength they cannot be spectrally resolved. (C) In case the fluorophores are located at different positions
x they can be resolved, even in case their spectra overlap. Fluorophores can be spatially separated by placing them in containers such as PEM
capsules. In order to distinguish between different capsules they can be tagged with a fluorescent barcode on their surface. Data adopted from
Abbasi et al. [43].

different ion-sensitive fluorophore can be provided with a
unique tag (which might be a fluorophore or inorganic NPs),
and in case the average distance between different fluorophores is higher than the optical resolution limit, individual
fluorophores can be separately addressed and read-out. PEM
capsules are promising systems in this direction due to the
porosity of their wall and the possibility of loading different
parts of their geometry with fluorophores. The inner cavity
can be loaded with the ion-sensitive fluorophores, and the
wall of the capsules with a fluorescent barcode. Micrometer
sized PEM capsules can be clearly individually resolved, and
thus fluorescence of the ion-sensitive fluorophores of each
capsule can be individually recorded. The fluorescent barcode
within the PEM walls allows for differentiation of the individual capsules and subsequent identification of the different
sensor fluorophores.
In order to sense ions they must be able to traverse the capsule walls and reach the ion-sensitive fluorophores in the capsule cavity. As the wall of PEM capsules is porous [44] this
is generally no problem. Porosity depends for example on the
used polyelectrolyte materials and the number of polyelectrolyte layers [22, 45]. A bigger problem is keeping the ionsensitive fluorophores inside the capsules. In order to prevent
their diffusion through the pores of the PEM walls they can
be linked to macromolecules such as dextran. In addition, the
number of deposited layers influences the permeability of the
PEM walls. Besides the analyte sensitive fluorophore, which
emits e.g., in the green an additional reference fluorophore,
whose fluorescence does not depend on the ion concentration and which emits in a different spectral field e.g., in the
red can be introduced into the same capsule. This allows for
radiometric measurements, i.e., ion concentrations are not
measured in terms of absolute fluorescence intensities but via
analyzing emission intensity ratios of the ion sensitive fluorophores to the reference fluorophores [16]. Taking advantage
of their fluorescence stability against photobleaching and
their sharp emission band, mixtures of different quantum dots
(QDs) can be used as barcode for every type of capsule. QDs
in general have been proven as versatile barcodes allowing for

many different combinations [46–48]. However, the principle
of spatial discrimination between different types of capsules
only works if the fluorescent barcodes (for distinguishing
the capsules) do not interfere with the fluorescence for the
ion-sensitive fluorophores inside the capsule cavity (for
determining the ion-concentration). As mentioned above,
fluorophores inside the capsule cavity tend to diffuse through
the pores of the PEM walls. Though this can be reduced by
attachment to macromolecules the fluorophore distribution
inside the capsules is not homogeneous and fluorophores tend
to stick to the inner wall [16]. Thus they would interfere with
the barcode. In order to circumvent this problem double wall
capsules [49] can be used, in which the ion-sensitive fluorophores are retained in the inner cavity, and the barcode is
situated in the outer PEM wall, cf. Figure 4 [50]. In Figure
5 a mixture of three different types of such PEM capsules,
loaded with ion-sensitive fluorophores against H+, Na+, and
K+ with orange, green, and yellow barcode, respectively, are
shown. Due to the barcode the different types of capsules can
be clearly distinguished. This also applies for the fluorescence read-out of the distinct fluorophores depending on their
respective analyte concentration [43]. Thus the principle of
multiplexed ion detection could be demonstrated.
Non-specific response of several ion-sensitive fluorophores (e.g., the fluorophores SBFI and PBFI for the detection of Na+ and K+ interfere with pH) imposes a technical
complication for determining specific ion concentrations
[43]. However, multiplexed detection as demonstrated above
can help to circumvent this problem. Let us assume a situation in which concentrations of 3 ions in solution is to be
detected using 3 different ion-sensitive fluorophores. Though
each fluorophore predominantly will respond only to one
type of ion, it still also will slightly respond to changes in
concentration of the other ion species. For example fluorophores specific to Na+ typically also respond slightly to K+,
and vice versa. However, as the ion-sensitive fluorophores are
confined in different capsules all three types of fluorophores
can be read-out in parallel. Thus there are 3 unknowns (ion
concentrations), but also 3 read-outs (due to the multiplexed
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Figure 4 Double wall PEM capsule with a first inner capsule which is filled with a green fluorophore linked to dextran, and an outer wall
which is labeled with red fluorescent QDs. (A) green fluorescence, (B) transmission, and (C) red fluorescence channel. (D) overlay of all channels. Scale bars correspond to 10 µm.

detection), which allows for determining all 3 unknowns via
a calibration curve [43].
In order to demonstrate potential applications of capsule-based ion-sensing in vitro in the following an example
based on pH-sensitive capsules, which are loaded with the
pH-sensitive fluorophore SNARF in their cavity, is given.
SNARF fluoresces in the green-yellow and red at acidic
and alkaline pH, respectively. Thus capsules in the slightly
alkaline extracellular medium show red fluorescence,
whereas capsules which have been incorporated by cells
and are located in the acidic lysosome are fluorescent in
yellow [25], as can be seen in Figure 6. Internalized capsules reside in the lysosome over time. This automatically
involves the fact that intracellular sensing as shown here is
actually sensing of the environment of the lysosome, and
not of the cytosol. At any rate, addition of certain pharmaceutical agents, such as Monensin, Chloroquine, and
Bafilomycin changes the lysosomal pH. By time-resolved
recording the fluorescence of the internalized capsules

changes in pH upon stimulating cells with pharmaceutical agents can be observed. In particular this allows for
recording of kinetics, i.e., to determine how fast the pH in
the lysosome changes upon addition and removal of pharmaceutical agents [51].
In the future similar assays may offer a convenient tool for
recording changes in the ion composition inside the lysosome,
in case cells are fed not only with one type of capsules (as the
pH-sensitive ones as shown above), but with several barcoded
capsules which are sensitive for different types of ions. Clearly
one limitation of this technique is the fact that capsules inside
cells are confined to the lysosome and not freely mobile in the
cytosol. Pharmaceutical research offers several approaches
for transferring molecules from the lysosome to the cytosol,
such as the proton sponge effect of polyethyleneimine (PEI)
[52], which also might be used for translocation of capsules.
We on the other hand want to point out that also in this case
inorganic NPs might offer and interesting solution, as will be
explained in the next paragraph.
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Figure 5 Multiplexed measurements of ions with barcoded PEM capsules. (A) Three different types of capsules have been synthesized.
Capsules were co-loaded in their cavities with the dextran-modified ion sensitive fluorophores FITC, SBFI, and PBFI, and with dextran-modified reference fluorophore Dy647 [50]. Thus fluorescence originating from the cavity is sensitive to pH, Na+, and K+, respectively. The capsules
were labeled with a quantum dot based fluorescent barcode (orange, green, and yellow) on their outermost surface, (B) Fluorescence image
of a mixture of the three different types of capsules. Due to the barcodes all types of capsules can be read-out independently, which allows for
multiplexed ion detection. The scale bar corresponds to 5 µm. Figure adopted from Abbasi et al. [43].
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Figure 6 (A) Cells have been incubated with pH-sensitive PEM capsules, which have green-yellow/red fluorescence in acidic/alkaline
environment. Some of the capsules are spontaneously incorporated by the cells and are transported to the acidic lysosome and thus are fluorescent in the green-yellow, whereas capsules remaining in the slightly alkaline cell medium fluoresce in red. pH changes in the lysosome upon
stimulation of cells with pharmaceutical agents can be traced by monitoring the color of fluorescence of the internalized capsules. (B) Overlay
of microscopy images (phase contrast, yellow fluorescence, red fluorescence) before and after addition of an agent (in this case Chloroquine),
which increases the pH inside the lysosome. (C) The ratio of red to yellow fluorescence (Ir/Iy) of the capsules depends on the surrounding
pH. Reference capsules in the slightly alkaline extracellular medium act as control to compensate for photobleaching. Upon stimulation with
a pharmaceutical agent the pH inside the lysosome may change, as can be seen by changes in the Ir/Iy-ratio of internalized capsules. Image
adopted from Rivera Gil et al. [51].

5. Plasmonic nanoparticles – light-triggered
release
Macromolecules or particles (such as PEM capsules) internalized via the endocytic pathway are subsequently routed to
lysosomes for enzymatic degradation [53]. Thus, disruption
or timely permeabilization of the endosomal membrane is a
prerequisite for their cytosolic translocation. Strategies in this
direction involve cell penetrating peptides [54], pH-sensitive
carriers [55], or the proton sponge effect of PEI [56]. Recently,
several groups have also proposed release by local heating.
Plasmonic NPs, in particular Au NPs, can be optically excited
to a resonance in which a collective motion of free electrons
occurs, the so-called surface plasmon [57]. Energy is transferred ultrafast from the electrons to the crystal lattice in the
form of phonons and the occurring heat dissipates to the local
environment. In other words, plasmonic NPs can efficiently
convert light into local heat. This effect has been for example
used to locally destroy tissue [58, 59]. Other groups have used
this strategy for opening containers, such as PEM capsules [10,
60]. For this purpose Au NPs are integrated in the PEM wall
of the capsules. Illumination at the surface plasmon resonance
frequency causes heating of the NPs, which in turn locally disintegrates the PEM wall and also perforates the membrane of
the surrounding lysosome in which the capsules are located
[61–63], resulting in release of the molecules from the capsule
cavity to the cytosol. Release to the cytosol is indicated by the

fact that the released cargo is homogeneously distributed over
the whole body of the cells (excluding the nucleus), and that
released pH indicators (cf. pH detection with SNARF in the
paragraph above) demonstrate transfer from an acidic compartment (lysosome) to a neutral compartment (cytosol) [64].
Before discussing obvious limitations of this technique we first
point out its potentials. Light-mediated release of macromolecules from capsules can be seen as an extension of the concept
of caged-calcium [65, 66], where Ca2+ ions are released from
chelators upon a light trigger. Caged compounds have been
proven to be a very valuable tool for in vitro investigations,
where onset of a biological action can be externally triggered
by light-mediated release of a specific compound. Typically
caged compounds are rather available from small molecules.
PEM capsules modified with plasmonic NPs in their walls and
macromolecular cargo in their cavity can extend this concept
for the light-triggered release (in vitro) of macromolecules.
Opening of capsules works on the basis of individual capsules.
In case both the capsules and the light-pointer have micrometer size, the capsules can be opened one by one (with complete
control) and the whole process of irradiation and release can
be observed with optical microscopy. If cells are loaded with
capsules bearing different macromolecules in their cavities
subsequent opening causes controlled mixing of the released
macromolecules in the cytosol, cf. Figure 7 [64].
Obviously there are also clear limitations for this technology. First, the power of the light-pointer has to be controlled

S. Carregal-Romero et al.: Nanoparticle-functionalized microcapsules for in vitro delivery and sensing

177

A

B

C

Figure 7 (A) Cells were incubated with a mix of Au NP modified capsules which were loaded either with blue or with a red fluorescence
labeled dextran. The shown microscopy images are the red and blue fluorescence channel and an overlay of both with the transmission channel. (B) First the blue capsules inside cells were opened with the light pointer and subsequent release of blue fluorescent dextran to the cytosol
can be observed. Red fluorescent dextran is still confined to the capsules. (C) In a second step also the red capsules were opened with the light
pointer and thus red fluorescent dextran was released to the cytosol, where it mixed with the blue fluorescent dextran. The scale bars represent
10 µm. Arrows pointed at the irradiated and thus opened capsules. Image adapted from Carregal-Romero et al. [64].

very well. Simply speaking heating is trivial, but controlled
heating is more complicated. In case too much power is
applied water is evaporated and the resulting gas bubbles
destroy cells. Fortunately the complex cellular environment
reduces bubble formation [6], but nevertheless overheating remains the main risk. The mode of laser-tissue interactions depends on how the light energy is applied. At low
laser energy flow and long exposure, exposure can lead to
photochemical or photothermal interactions. Confining the
laser into short pulses can cause intense heating followed by
water phase change in biological systems, i.e., bubble formation and photoablation and further increase of the laser
energy or shorter pulses eventually may lead to plasmainduced ablation and photodisruption [67]. In this context,
for capsules modified with plasmonic NPs the simultaneous
opening of many capsules via homogeneous illumination is
technically challenging due to the shifts of the laser power.
Moreover, the cargo molecules in the cavity of the capsule
could be damaged upon light-mediated heating. Bioactive
molecules should keep their functionally upon laser irradiation. However, localized heating could lead to the destruction
of the active part of the molecules to be released. In order to
study the possible laser damage of the capsule payload, green
fluorescent protein (GFP) has been released into the cytosol
[64]. As fluorescence of released GFP could be observed one
can conclude that at least part of the released GFP and its

function remained intact. The local heating produced after
light absorption of the gold NPs in the capsule walls can be
thus tuned in a way that it is enough to disrupt the PEM walls
of the capsules (and the surrounding lysosomal membrane),
but does not damage the whole amount of released protein.
Clearly quantitative release as the current state-of-the-art is
not possible, due to inhomogeneous loading of the capsules
with cargo in their cavity, variations in Au NP concentrations in the PEM walls, and possible partial destruction of the
cargo molecules by heat. Thus PEM capsules are best suited
for the release of molecules which can make an all-or-nothing
response, which does not quantitatively depend on the exact
amount of released functional molecules. Kinetics of drug
release by light responsive capsules is as well difficult to perform since the increase of fluorescence in the cytosol when
cargo molecules are released (if they were not quenched or
needed the action of enzymes) is immediate. Only molecules
that develop fluorescence with the time once they are located
into the cytosol are suitable to perform kinetic studies due to
the limitation of the optical microscopes themselves.

6. Outlook
In these perspectives we tried to point out how inorganic NPs can be useful building blocks for modifying
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organic/polymeric carrier matrices with additional functionalities. This helps for creating new multifunctional hybrid materials, which have a clear potential as tools for in vitro sensing
and delivery. On purpose this perspective is limited on in vitro
applications, as any in vivo applications would involve problematic points such as cytotoxicity issues, biodistribution, etc.
to a much higher extent. On the other hand, three examples
have been given on how these hybrid capsules could serve as
interesting tools for cell culture experiments.

[14]

[15]

[16]

Acknowledgements
This work has been supported by BMBF Germany (ERANET grant
Nanosyn to WJP). SCR is grateful to the Junta Andalucía for a
fellowship.

[17]

[18]

References
[1] Cheon J, Lee JH. Synergistically integrated nanoparticles as
multimodal probes for nanobiotechnology. Acc Chem Res
2008;41:1630–40.
[2] Xia F, Zuo X, Yang R, Xiao Y, Kang D, Vallée-Bélisle A, Gong
X, Yuen JD, Hsu BBY, Heeger AJ, Plaxco KW. Colorimetric
detection of DNA, small molecules, proteins, and ions using
unmodified gold nanoparticles and conjugated polyelectrolytes.
Proc Natl Acad Sci USA 2010;107:10837–41.
[3] Thomas CR, Ferris DP, Lee JH, Choi E, Cho MH, Kim ES,
Stoddart JF, Shin JS, Cheon J, Zink JI. Noninvasive remotecontrolled release of drug molecules in vitro using magnetic
actuation of mechanized nanoparticles. J Am Chem Soc
2010;132:10623–5.
[4] Parveen S, Misra R, Sahoo SK. Nanoparticles: a boon to drug
delivery, therapeutics, diagnostics and imaging. Nanomedicine
2012;8:147–66.
[5] Gobin AM, Lee MH, Halas NJ, James WD, Drezek RA, West
JL, Near-infrared resonant nanoshells for combined optical imaging and photothermal cancer therapy. Nano Letters
2007;7:1929–34.
[6] Hühn D, Govorov A, Rivera Gil P, Parak WJ. Photostimulated
Au nanoheaters in polymer and biological media: characterization of mechanical destruction and boiling. Adv Funct Mater
2012;22:294–303.
[7] Skirtach AG, Karageorgiev P, De Geest BG, Pazos-Perez N,
Braun D, Sukhorukov GB. Nanorods as wavelength-selective
absorption centers in the visible and near-infrared regions of the
electromagnetic spectrum. Adv Mater 2008;20:506–10.
[8] De Koker S, Hoogenboom R, De Geest BG. Polymeric multilayer
capsules for drug delivery. Chem Soc Rev 2012;41:2867–84.
[9] Shchukin DG, Sukhorukov GB. Nanoparticle synthesis in engineered organic nanoscale reactors. Adv Mater 2004;16:671–82.
[10] Bedard MF, Braun D, Sukhorukov GB, Skirtach AG. Toward
self-assembly of nanoparticles on polymeric microshells:
near-IR release and permeability. Acs Nano 2008;2:1807–16.
[11] Dubreuil F, Shchukin DG, Sukhorukov GB, Fery A.
Polyelectrolyte capsules modified with YF3 nanoparticles: an
AFM study. Macromol Rapid Commun 2004;25:1078–81.
[12] Decher G. Fuzzy nanoassemblies: toward layered polymeric
multicomposites. Science 1997;277:1232–7.
[13] Sukhorukov GB, Dähne L, Hartmann J, Donath E, Möhwald
H. Controlled precipitation of dyes into hollow polyelectrolyte

[19]

[20]

[21]
[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

capsules based on colloids and biocolloids. Adv Mater
2000;12:112–5.
Sukhorukov GB, Rogach AL, Zebli B, Liedl T, Skirtach AG,
Köhler K, Antipov AA, Gaponik N, Susha AS, Winterhalter M,
Parak WJ. Nanoengineered polymer capsules: tools for detection, controlled delivery and site specific manipulation. Small
2005;1:194–200.
del Mercato LL, Gonzalez E, Abbasi AZ, Parak WJ, Puntes V.
Synthesis and evaluation of gold nanoparticle-modified polyelectrolyte capsules under microwave irradiation for remotely
controlled release for cargo. J Mater Chem 2011;21:11468–71.
del Mercato LL, Abbasi AZ, Parak WJ. Synthesis and characterization of ratiometric ion-sensitive polyelectrolyte capsules.
Small 2011;7:351–63.
Cui J, Wang Y, Postma A, Hao J, Hosta-Rigau L, Caruso F.
Monodisperse polymer capsules: tailoring size, shell thickness,
and hydrophobic cargo loading via emulsion templating. Adv
Funct Mater 2010;20:1625–31.
Tong W, Zhu Y, Wang Z, Gao C. Möhwald H. Micellesencapsulated microcapsules for sequential loading of hydrophobic and water-soluble drugs. Macromol Rapid Commun
2010;31:1015–19.
Rivera_Gil P, del Mercato LL, del Pino P, Muñoz-Javier A,
Parak WJ. Nanoparticle-modified polyelectrolyte capsules.
Nano Today 2008;3:12–21.
Bazylinska U, Skrzela R, Szczepanowicz K, Warszynski P, Wilk
K. Novel approach to long sustained multilayer nanocapsules:
influence of surfactant head groups and polyelectrolyte layer
number on the release of hydrophobic compounds. Soft Matter
2011;7:6113–24.
Heidel JD, Davis ME. Clinical developments in nanotechnology for cancer therapy. Pharmaceut Res 2011;28:187–99.
Dong WF, Ferri JK, Adalsteinsson T, Schonhoff M, Sukhorukov
GB, Möhwald H. Influence of shell structure on stability,
integrity, and mesh size of polyelectrolyte capsules: mechanism and strategy for improved preparation. Chem Mater
2005;17:2603–11.
Biesheuvel PM, Mauser T, Sukhorukov GB, Möhwald H.
Micromechanical theory for pH-dependent polyelectrolyte multilayer capsule swelling. Macromolecules 2006;39:8480–86.
Muñoz Javier A, Kreft O, Piera Alberola A, Kirchner C, Zebli B,
Susha AS, Horn E, Kempter S, Skirtach AG, Rogach AL, Rädler
J, Sukhorukov GB, Benoit M, Parak WJ. Combined atomic force
microscopy and optical microscopy measurements as a method
to investigate particle uptake by cells. Small 2006;2:394–400.
Muñoz Javier A, Kreft O, Semmling M, Kempter S, Skirtach
AG, Bruns OT, del Pino P, Bedard MF, Rädler J, Käs J, Plank C,
Sukhorukov GB, Parak WJ. Uptake of colloidal polyelectrolyte
coated particles and polyelectrolyte multilayer capsules by living cells. Adv Mater 2008;20:4281–7.
De Koker S, De Geest BG, Cuvelier C, Ferdinande L, Deckers
W, Hennink WE, De Smedt SC, Mertens N. In vivo cellular
uptake, degradation, and biocompatibility of polyelectrolyte
microcapsules. Adv Funct Mater 2007;17:3754–63.
Kirchner C, Muñoz Javier A, Susha AS, Rogach AL, Kreft O,
Sukhorukov GB, Parak WJ. Cytotoxicity of nanoparticle-loaded
polymer capsules. Talanta 2005;67:486–91.
De Cock LJ, Lenoir J, De Koker S, Vermeersch V, Skirtach AG,
Dubruel P, Adriaens E, Vervaet C, Remon JP, De Geest BG.
Mucosal irritation potential of polyelectrolyte multilayer capsules. Biomaterials 2011;32:1967–77.
Heuberger R, Sukhorukov GB, Vörös J, Textor M, Möhwald H.
Biofunctional polyelectrolyte multilayers and microcapsules:

S. Carregal-Romero et al.: Nanoparticle-functionalized microcapsules for in vitro delivery and sensing

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]
[45]

control of non-specific and bio-specific protein adsorption. Adv
Funct Mater 2005;15:357–66.
Widder KJ, Senyei AE, Ranney DF. Magnetically responsive
microspheres and other carriers for the biophysical targeting of
antitumor agents. Adv Pharmacol Chemother 1979;16:213–71.
Hirsch LR, Stafford RJ, Bankson JA, Sershen SR, Rivera B,
Price RE, Hazle JD, Halas NJ, West JL. Nanoshell-mediated
near-infrared thermal therapy of tumors under magnetic resonance guidance. Proc Natl Acad USA 2003;100:13549–54.
Zebli B, Susha AS, Sukhorukov GB, Rogach AL, Parak WJ.
Magnetic targeting and cellular uptake of polymer microcapsules simultaneously functionalized with magnetic and luminescent nanocrystals. Langmuir 2005;21:4262–5.
Zintchenko A, Philipp A, Dehshahri A, Wagner E. Simple modifications of branched PEI lead to highly efficient siRNA carriers
with low toxicity. Bioconjug Chem 2008;19:1448–55.
Buyens K, Meyer M, Wagner E, Demeester J, de Smedt SC,
Sanders NN. Monitoring the disassembly of siRNA polyplexes
in serum is crucial for predicting their biological efficacy. J
Controlled Release 2010;141:38.
del Pino P, Muñoz Javier A, Vlaskou D, Rivera Gil P, Plank
C, Parak WJ. Gene silencing mediated by magnetic lipospheres tagged with small interfering RNA. Nano Lett
2010;10:3914–21.
Katagiri K, Nakamura M, Koumoto K. Magneto responsive
smart capsules formed with polyelectrolytes, lipid bilayers and magnetic nanoparticles. ACS Appl Mater Interfaces
2010;2:768–73.
Abbasi AZ, Gutiérrez L, del Mercato LL, Herranz F,
Chubykalo-Fesenko O, Veintemillas-Verdaguer S, Parak
WJ, Morales MP, González JM, Hernando A, de la Presa P.
Magnetic capsules for NMR imaging: effect of magnetic nanoparticles spatial distribution and aggregation. J Phys Chem C
2011;115:6257–64.
De Geest BG, Willart MA, Lambrecht BN, Pollard C, Vervaet
C, Remon JP, Grooten J, De Koker S. Surface-engineered
polyelectrolyte multilayer capsules-synthetic vaccines mimicking microbial structure and function. Angew Chem, Int Ed
2012;51:3862–6.
Buckler KJ, Vaughanjones RD. Application of a new
pH-sensitive fluoroprobe (carboxy-SNARF1) for intracellular pH measurement in small, isolated cells. Eur J Physiol
1990;417:234–9.
Kasner SE, Ganz MB. Regulation of intracellular potassium in
mesangial cells-a fluorescence analysis using the dye, PBFI.
Am J Physiol 1992;262:F462–7.
Nath S, Jezek P, Garlid KD. Reconstitution of the Na+-Selective
Na+/H+ antiporter from beef-heart mitochondria – quantitation of Na+ transport with the novel fluorescent-probe, SBFI.
Biophys J 1990;57:A477–A477.
Engblom AC, Akerman KEO. Determination of the intracellular free chloride concentration in rat-brain synaptoneurosomes using a chloride-sensitive fluorescent indicator. Biochim
Biophys Acta 1993;1153:262–6.
Abbasi AZ, Amin F, Niebling T, Friede S, Ochs M, CarregalRomero S, Montenegro JM, Rivera_Gil P, Heimbrodt W, Parak
WJ. How colloidal nanoparticles could facilitate multiplexed
measurements of different analytes with analyte-sensitive
organic fluorophores. ACS Nano 2011;5:21–5.
McShane M, Ritter D. Microcapsules as optical biosensors.
J Mater Chem 2010;20:8189–93.
Kolbe A, del Mercato LL, Abbasi AZ, Rivera_Gil P, Gorzini SJ,
Huibers WHC, Poolman B, Parak WJ, Herrmann A. De novo

[46]
[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]
[61]

[62]

[63]

179

design of supercharged, unfolded protein polymers, and their
assembly into supramolecular aggregates. Macromol Rapid
Commun 2011;32:186–90.
Chan WC, Nie S. Quantum dot bioconjugates for ultrasensitive
nonisotopic detection. Science 1998;281:2016–8.
Gao X, Chan WCW, Nie S. Quantum-dot nanocrystals for ultrasensitive biological labeling and multicolor optical encoding. J
Biomed Optics 2002;7:532–7.
Fournier-Bidoz S, Jennings TL, Klostranec JM, Fung W, Rhee
A, Li D, Chan WCW. Facile and rapid one-step mass preparation
of quantum-dot barcodes. Angew Chem Int Ed 2008;47:
5577–81.
Kreft O, Prevot M, Möhwald H, Sukhorukov GB. Shell-in-shell
microcapsules: a novel tool for integrated, spatially confined
enzymatic reactions. Angew Chem Int Ed 2007;46:5605–8.
del Mercato LL, Abbasi AZ, Ochs M, Parak WJ. Multiplexed
sensing of ions with barcoded polyelectrolyte capsules. ACS
Nano 2011;5:9668–74.
Rivera-Gil P, Nazarenus M, Ashraf S, Parak WJ. pH sensitive
capsules as intracellular optical reporters for monitoring lysosomal pH changes upon stimulation. Small 2012;8:943–8.
Rejman J, Tavernier G, Bavarsad N, Demeester J, de Smedt SC.
mRNA transfection of cervical carcinoma and mesenchymal
stem cells mediated by cationic carriers. J Controlled Release
2010;147:385–91.
Dierendonck M, de Koker S, Vervaet C, Remon JP, de Geest BG.
Interaction between polymeric multilayer capsules and immune
cells. J Controlled Release doi: 10.1016/j.jconrel.2012.03.001
(2012).
Delehanty JB, Bradburne CE, Boeneman K, Susumu K,
Farrell D, Mei BC, Blanco-Canosa JB, Dawson G, Dawson
PE, Mattoussi H, Medintz IL. Delivering quantum dotpeptide bioconjugates to the cellular cytosol: escaping from
the endolysosomal system. Integrative Biology 2010;2:
265–77.
Anandhakumar S, Nagaraja V, Raichur AM. Reversible polyelectrolyte capsules as carriers for protein delivery. Colloids
Surf B 2010;78:266–74.
Akinc A, Thomas M, Klibanov AM, Langer R. Exploring polyethylenimine-mediated DNA transfection and the proton sponge
hypothesis. J Gene Med 2005;7:657–63.
Salgueirino-Maceira V, Caruso F, Liz-Marzan LM. Coated
colloids with tailored optical properties. J Phys Chem B
2003;107:10990–4.
O’Neal DP, Hirsch LR, Halas NJ, Payne JD, West JL. Photothermal tumor ablation in mice using near infrared-absorbing
nanoparticles. Cancer Lett 2004;209:171–6.
Huang X, El-Sayed IH, Qian W, El-Sayed MA. Cancer
cell imaging and photothermal therapy in the near-infrared
region by using gold nanorods. J Am Chem Soc 2006;128:
2115–20.
Radt B, Smith TA, Caruso F. Optically addressable nanostructured capsules. Adv Mater 2004;16:2184–9.
Skirtach AG, Muñoz Javier A, Kreft O, Köhler K, Piera Alberola
A, Möhwald H, Parak WJ, Sukhorukov GB. Laser-induced
release of encapsulated materials inside living cells. Angew
Chem Int Ed 2006;45:4612–7.
Muñoz Javier A, del Pino P, Bedard MF, Ho D, Skirtach AG,
Sukhorukov GB, Plank C, Parak WJ. Photoactivated release of
cargo from the cavity of polyelectrolye capsules to the cytosol
of cells. Langmuir 2009;24:12517–20.
Palankar R, Skirtach AG, Kreft O, Bédard M, Garstka M, Gould
K, Möhwald H, Sukhorukov GB, Winterhalter M, Springer S.

180 S. Carregal-Romero et al.: Nanoparticle-functionalized microcapsules for in vitro delivery and sensing

Controlled intracellular release of peptides from microcapsules
enhances antigen presentation on MHC class I molecules. Small
2009;5:2168–76.
[64] Carregal-Romero S, Ochs M, Rivera_Gil P, Ganas C, Pavlov
AM, Sukhorukov GB, Parak WJ. NIR-light triggered delivery
of macromolecules into the cytosol. J Control Rel 2012;159:
120–7.
[65] Gilroy S, Read ND, Trewavas AJ. Elevation of cytoplasmic calcium by caged calcium or caged inositol trisphosphate initiates
stomatal closure. Nature 1990;346:769–71.

[66] Adams SR, Lev-Ram V, Tsien RY. A new caged Ca2+, azid-1, is
far more photosensitive than nitrobenzyl-based chelators. Chem
Biol 1997;4:867–78.
[67] Qin Z, Bischof JC. Thermophysical and biological responses
of gold nanoparticle laser heating. Chem Soc Rev 2011;41:
1191–217.

Received March 21, 2012; accepted May 22, 2012

