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10.1. INTRODUCTION
10.1.1. Polyelectrolyte multilayer capsules
Polyelectrolyte multilayer capsules were first introduced in 1998 by the group
of Helmuth Möhwald and coworkers, and since then have gained increasing
interest over the years, especially in biomedical fields [1,2]. These capsules are
typically fabricated using template particles, onto which polymers of
alternating charge are deposited using layer-by-layer (LbL) assembly [2]. After
dissolution of the template, stable hollow capsules remain. The size and the
shape of the capsules are thereby dependent on the choice of templates,
whereas the physico-chemical properties are determined by the polymers.
Yashchenok et al. produced anisotropic, i.e. non-spherical calcium carbonate
cores, and showed that the resulting capsules kept the form of the templates
after their removal [3]. Different materials, such as polystyrene, silica or
calcium carbonate have been used to fabricate capsule cores [4], but even red
blood cells or Escherichia coli can be used [5,6]. With the right choice of
template the capsules can be tuned in size from 30 nm up to several microns,
opening the way for customization of the capsules according to the problem of
interest [4]. Very small capsules of tens of nanometers can be produced with
silica templates, whereas capsules assembled on calcium carbonate cores
typically reach sizes of 2–10 microns. Capsules can be produced with a great
variety of different polymers. The most widespread and best understood pair
of polymers is the system of poly(styrene sulfonate) (PSS) and poly(allyamine
hydrochloride) (PAH). However, there are many other polymers in use and it is
also possible to produce biodegradable capsules made of polymers that can be
digested/metabolized inside living cells, for example by proteases present in
the lysosome [7,8]. There are two ways to load the capsules, the coprecipitation method, where the cargo is entrapped in the template and
remains inside the capsules after removal of the template material, and the
postloading method, where the permeability of the capsules can be controlled
externally by variation of pH, salt concentration or temperature [9], and the
cargo can be loaded into the empty capsules after the synthesis [10]. During
the removal of the template core the capsules become much more porous due
the osmotic pressure that arises by dissolving the core. This is the main reason
why cargo is lost during the fabrication of capsules using the co-precipitation
method. There are also other ways of synthesizing capsules, apart from the LbL
method and the reader is referred to recent reviews on capsules as biological
carriers for further information [4,11,12]. The capsule wall represents a semipermeable membrane, as small molecules can diffuse almost freely through the
pores [13], whereas large molecules, for example dextran molecules or
proteins, cannot pass the capsule walls. The molecular weight cut-off (MWCO)
for PSS/PAH is around 200 Da [14]. The MWCO depends on the polymers, and
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Miller and Bruening showed that, for example, the combination of hyaluronic
acid (HA) and chitosan had a MWCO of ≈17,000 Da [14,15]. Due to the semipermeability of the capsule wall a Donnan equilibrium occurs [16], which
means that the concentration of ions and molecules inside of the capsules is
different of the concentrations outside, also in case of molecules or ions, for
which the membrane is permeable. Sukhorukov et al. showed, for example, in a
theoretical model that the pH inside capsules is different from that in the
solution [17]. The permeability of capsules reduces as the pores of the capsules
close over time. This effect can also be achieved by enhancing the temperature
to anneal the pores [18,19]. The permeability of the capsules walls is
furthermore influenced by the hydration of the polymer multilayers and the
charge densities of the polymers. With higher charge densities the
permeability of the capsule walls decreases and the hydration is reduced [15].
Hydration of the polyelectrolytes has not only an effect on permeability but
also on the thickness of the layers as well as the interaction of the polymers,
and the elasticity of the capsule shells [20]. In case of PSS/PAH, the amount of
water associated with PSS is roughly double as much as the amount associated
with PAH [21]. It has to be noted that the water content of planar
polyelectrolyte multilayer films is smaller than that of capsules. This means
that the planar films are packed more densely than the capsule walls. The
difference is about 45–55 % of water [20]. Furthermore, the water content of
the multilayers is dependent on the outermost layer. Wong et al. showed that
water is pressed out of the multilayer when PAH is adsorbed as top layer and
that more water is absorbed by the shell when PSS is the top layer [22]. The
outer layers are thereby more sensitive to the environmental humidity than
the inner layers. This means that with increasing numbers of layers the inner
layers are more and more unaffected by hydration [23]. Concerning
applications of capsules in biomedical fields, they can generally be divided into
delivery and sensing applications [24,25]. A large size of the capsules can be of
advantage in cell culture models, as large capsules are easily traceable with
optical techniques. In contrast, small capsules in the size of nanometers are of
interest for in vivo applications, where large capsules cannot be used as they
may block capillaries. The cellular uptake is a statistical process that in vitro
occurs in almost all mammalian cells, both immortal cell lines and primary
cells [26-28]. It is triggered by phagocytosis and lipid-rafts-mediated
macropinocytosis and the final location of the capsules is in the heterophagolysosomes of the cells [27]. One should note that the uptake is dependent
on the shape of the capsules. Spherical capsules are internalized faster and in
higher quantities compared to anisotropic capsules, yet the final location is not
affected [29]. After cell division, the capsules are passed to the daughter cells
[8]. The distribution, however, is asymmetric, i.e. they are not passed on in a
fifty-fifty manner [30,31]. Capsules can be filled with various cargos for
delivery, among them drugs, genetic material like desoxyribonucleic acid
(DNA) or ribonucleic acid (RNA), or proteins [12,32-37]. The experimental
challenges lie in the difficulties to encapsulate certain cargos in a sufficient
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way, but also in problems to release the cargo at the desired target site.
Concerning release, one major challenge is to free the capsule content from the
organelle, i.e. the lysosome where the capsules are located after incorporation
into cells, so that the cargo becomes available to reach targets outside this
vesicle. For sensing applications the capsules can be filled with a sensor that
does not necessarily need to be released. Often, this is a dye sensitive to a
specific ion or other analyte, respectively [38-41]. These dyes are widespread
as they are easy to handle and there is a large variety of dyes for many
different analytes commercially available. Moreover, the biocompatibility of
organic fluorophores usually is not an issue as they typically show very low or
no toxicity [42]. Dyes need to fulfill certain requirements to be suitable for the
use in sensor capsules for intracellular sensing. Fluorophores with the
absorption maximum in the UV to blue range, for example, may be problematic
as autofluorescene can occur in the cells. Moreover, light of short wavelength
has high energies and may thus be harmful to the cells. To entrap the dye
molecules inside the capsule cavity, they need to contain functional groups,
with which they can be conjugated to dextrans or other large molecules so they
cannot diffuse through the capsule walls. These conjugations must be possible
without the dye molecules losing their fluorescent properties and analyte
sensitivity. Depending on the application, the photostability of the dye may be
an important parameter. Many fluorophores bleach fast in biological media,
which can be problematic, for instance in long-term experiments. The spectra
of fluorescent dyes often are quite broad and therefore multiplexed
measurement with dyes, i.e. the sensing of two or more analytes
simultaneously, is limited due to spectral overlap of the dyes [42]. Additionally
one has to keep in mind when working with dyes, that crosstalk can occur from
different ions or pH [39,43]. As will be highlighted further in the section on
sensing, many organic fluorophores are sensitive to more than one ion and the
fluorescence may also be dependent on the local pH. Besides dyes, also more
complex sensor systems have been described, such as enzymes that convert a
metabolite and a component that gives a signal quantifying the conversion [4446].
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10.2 APPLICATION I: DELIVERY
Delivery and release of carried compounds from the carrier (capsules) is still a
challenge that affects the performance of the compound and of the carrier
itself. Release of the cargo must be ensured not only from the carrier but also
from the vesicle in which the carrier is entrapped. There are different
strategies to ensure this. With help of triggers (internal or external) opening of
the carrier can be performed. Internal triggers include responsive polymers
that are sensitive to their environment, whereas external triggers can be
electromagnetic waves, magnetic fields, or heat, for example. Release from the
vesicle can be achieved by changing the osmotic pressure of the organelle. All
this strategies will be described in the following.

10.2.1. Responsive polymers as internal triggers
to mediate cargo release

In this case, polymers which are sensitive to degradation/metabolization by
lysosomal enzymes are used as constituents of the capsule wall. When capsules
of this nature enter the lysosomes, wall degradation occurs and cargo release
follows [8,47,48]. An example of success of this strategy has been described by
demonstrating the release of genetic material (DNA and silencing RNA
(siRNA)) [36] and will be described in more detail in the following. Indirectly,
the delivery of cargo to the cytosol of the cell (out of the organelle) was
demonstrated in this study by measuring the activity of siRNA after reaching
its target messenger RNA (mRNA) located in the cytosol. Cytosolic release was
herby not performed by the polymers of the capsules but by encapsulated
polymers capable of disrupting the lysosomes of the cells. The lysosomal
escape in this case was ascribed to the so-called proton sponge effect [49-51],
although this effect is still under debate. The proton sponge effect is stated to
take place when polycations with buffering capacity, such as
poly(ethylenimine) (PEI), which at slightly acidic pH contains many
deprotonated amine groups, buffer the pH in the lysosomes. The lysosomal pH
hence does not decrease when proton pumps transfer protons from the
outside into the lysosomes and thus influx of further protons takes place [52].
To ensure the charge and ion activity equilibrium across the lysosomal
membrane, also chloride and water enter the lysosomes. This leads to swelling
of the lysosomes. When the pressure increase is high enough, the vesicles
finally burst releasing their content to the cytosol [53].
10.2.1.1. Biodegradable capsules as non-viral vectors

Despite the established methods, there is need for other or improved means of
delivery of genetic material to cells. Viral vectors usually show a high
transfection rate and are therefore the preferred vectors. They, however, raise
concerns because of mutagenesis, i.e. the possibility that the viral vectors
trigger mutations of the genome, and immunogenicity, i.e. the possibility that
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viral vectors induce an unwanted immune response [54-56]. Non-viral vectors
such as lipoplexes and polyplexes, in contrast, show only small transfection
rates. Microinjection does not allow for high numbers of transfected cells, as
the transfection is very time-consuming and in general not well automatable.
Furthermore, it generally does not allow for in vivo transfection, which is also
true for electroporation. Thus, there is need for new carriers for transfection
both in vitro and in vivo. A bio-compatible carrier is desired, which protects the
genetic material against degradation, before it reaches its target, facilitates cell
internalization, and enables controlled release of the genetic material [57].
Biocompatible capsules have been synthesized by many groups and
subsequent release into the cytosol has been achieved for different cargos,
such as proteins, DNA, or RNA [8,26,33,34,58,59].

10.2.1.2. Delivery of DNA

Ganas et al. performed a comparative study where the delivered amount of
DNA was quantified for different delivery systems [36]. Cells were incubated
with plain DNA, PEI/DNA polyplexes, PEI/DNA polyplexes encapsulated in
biodegradable capsules, and PEI/DNA polyplexes encapsulated in nondegradable capsules. Standard transfection protocols with polyplexes were
performed in serum-free growth medium [60]. Here, a comparison for media
with and without serum was performed. The amount of DNA for each of the
experiments was equal so that a comparison based on the administered
amount of DNA was possible. In Figure 1, images of HeLa cells at different
points in time and for the different ways of delivery are shown. The images
show cells incubated without serum. The DNA was labeled with the
fluorophore Cy5 and is colored in violet and PEI was labeled with fluorescein
isothiocyanate (FITC) and is colored in green in the images. The result of the
overlay of violet and green is white. In the images, one can see that cells with
plain DNA and PEI/DNA polyplexes show no fluorescence signal at any point in
time. With both capsule types, the cells show fluorescence signal, but only cells
incubated with biodegradable capsules show fluorescence in the cytosol,
whereas in non-degradable capsules the signal is confined to the area of the
capsules. The PEI, however, is distributed in the cytosol also in case of nondegradable capsules. Note that the amount of PEI/DNA polyplexes is very small
compared to what is stated in standard protocols. This was due to the small
amounts needed for the delivery by capsules and the fact that the comparison
was based on the amount of DNA added to the cells. Furthermore, the cells
begin to become spherical at later times as the serum-free medium stresses
them.
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Figure 1. MDA-MB-231 cells were incubated with free DNA, DNA/PEI polyplexes,
biodegradable (DexS/pArg)5 capsules with walls made out of dextran sulfate (DexS)
and poly(L-arginine) (pArg) with embedded PEI/DNA, and non-degradable
(PSS/PAH)5 capsules with walls made out of poly(sodium 4-styrenesulfonate) (PSS)
and PAH with embedded PEI/DNA. After different incubation times, t, as indicated in
the top panel, cells were imaged. The transmission channel shows the cells, and the
green and violet channels show the emission of the FITC labels and Cy5 labels of PEI
and DNA, respectively. Images from serum-free experiments are shown. The scale bar
corresponds to 20 µm. The figure has been taken from reference [36]. Reprint with
permission from Elsevier.

The delivery efficacy was quantified by quantitative image analysis. The area of
each cell was determined from the transmission channel and the mean
fluorescence intensity in that area was measured. Fluorescence from the area
of the capsules was not included. The mean fluorescence of the cells was
averaged and plotted as column diagrams in Figure 2. The left graph
corresponds to serum-free incubation and the right graph to cells in serum-supplemented medium. The amount of DNA delivered was highest for
biodegradable capsules and already took place within less than 24 hours of
incubation. DNA transport was not observable for free DNA or PEI/DNA
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polyplexes in serum-free medium. However, non-degradable capsules could
deliver a small but observable amount in serum-free medium. In serum-supplemented medium, free DNA and PEI/DNA polyplexes show a small
effect. Nevertheless, here, as well as in serum-free medium, the biodegradable
capsules had a much higher efficacy. Moreover, the amount of delivered DNA
with biodegradable capsules was found to be clearly higher in serumsupplemented medium than in serum-free medium. Cells deprived of serum
suffer from stress, which in turn influences the metabolism. Therefore,
transfection in serum-supplemented medium is clearly preferred. Ganas et al.
showed that transfection with biodegradable capsules offers a possibility to do
that and the capsules provide protection for the DNA in the extracellular
medium [36].

Figure 2. From the microscopy data as presented in Figure 1, for each cell in each
recorded image the integrated fluorescence intensity, IDNA, was determined. The
integrated fluorescence intensity corresponds to the area of the cell (determined from
the transmission channel) times the mean fluorescence intensity from the Cy5 channel
in that area. Fluorescence originating from the capsules was not considered, but only
fluorescence located in the cytosol. The mean fluorescence intensities, as observed for
the different ways of delivery, are displayed for incubation in: (a) serum-free, and in
(b) serum-supplemented media together with the corresponding standard deviations.
For each data point at least 30 cells were analyzed. The figure has been taken from
reference [36]. Reprint with permission from Elsevier.

10.2.1.3. Delivery of siRNA to block the expression of green fluorescence
protein (GFP)
In a further step within the same study [36], siRNA was used to transfect cells
and to determine the efficacy of transfection with biodegradable capsules. For
this purpose, GFP-expressing HeLa cells and siRNA capable of knocking out
GFP were used. The cells were kept in serum-free medium for these
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experiments. The comparison here was made only between cells incubated
with biodegradable siRNA-containing capsules and polyplexes. In Figure 3,
images of the cells are shown. In this case, PEI was labeled with Dy-651 and
colored in violet, and siRNA was labeled with AF-546 and colored in red. GFP is
depicted in green. The left panel shows cells incubated with polyplexes and the
right one cells incubated with polyplex-containing biodegradable capsules. The
cells incubated with polyplexes kept their green fluorescence over the entire
time, while in the images of cells incubated with capsules the fluorescence was
lost after 30 h in the cells marked with asterisks (*). After 20 h, the cells with
capsules clearly showed distribution of PEI (violet) in the cytosol. The insets
labeled with the number sign (#) in the polyplex panel show that there is
siRNA present in the cells (red label). These images were enhanced in contrast
to make the red fluorescence visible.

Figure 3. GFP-expressing HeLa cells were incubated with free (left column) and
encapsulated (right column) PEI/siRNA polyplexes. Live images of the same cells were
taken over time, t. Besides the transmission channel showing the cells, also GFP
(green), AF-546 labeled siRNA (red), and DY-651 (violet) labeled PEI are displayed.
The straight arrow indicates a homogenous cytosolic distribution of PEI, whereas the
dashed arrow shows a punctuate distribution. Cells marked with asterisks have clearly
lost their GFP fluorescence. The insets (#) correspond to images of the polyplexes. For
clarity, these insets were enhanced in contrast in order to show the presence of the
siRNA inside the cells. The scale bars correspond to 10 μm. The figure has been taken
from reference [36]. Reprint with permission from Elsevier.
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In Figure 4, the mean intensity is plotted against time for cells incubated with
polyplexes, cells incubated with capsules, and untreated control cells. The
amounts of siRNA added to the cells were comparable, 6.4 · 10–3 µg via
capsules and 10 · 10–3 µg via polyplexes added to 2 · 104 seeded cells in 300 µL
of medium. The graph clearly shows that encapsulated polyplexes decrease the
GFP fluorescence after 30 h of incubation. On the contrary, both polyplexes and
control cells do not show any effect.

Figure 4. GFP-expressing HeLa cells were incubated with free encapsulated PEI/siRNA
polyplexes. The total amount of siRNA and PEI was 6.4 · 10–3 µg and 25 · 10–3 µg for
capsules and 10 · 10–3 µg and 12.5 · 10–3 µg for polyplexes, respectively. Images were
taken at different points in time, t, and the mean integrated fluorescence density of
GFP, i.e. the area of each cell times its mean fluorescence intensity, is displayed. The
error bars represent standard deviations of the mean. The figure has been taken from
reference [36]. Reprint with permission from Elsevier.

These results demonstrate that encapsulated polyplexes can be more efficient
for the delivery of siRNA into cells than plain polyplexes. Furthermore, as
already mentioned in the beginning of this paragraph, protection of the siRNA
against degradation, high biocompatibility, and potentially controlled release
of the cargo offer additional advantages of polymer capsules as delivery
vehicles.
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10.2.1.4. Cytotoxicity of PEI polyplexes and encapsulated PEI
One concern not dealt with yet is the toxicity of PEI for cells, which has been
described regularly for PEI polyplexes [50,61,62]. The capsules offer a way to
reduce this problem, as they not only facilitate protection of siRNA against
degradation but also protection for the cells from PEI. Ganas et al. verified this
by a resazurin-based toxicity assay [36]. The results are depicted in Figure 5 as
a function of added mass of PEI to make the experiments comparable.

Figure 5. Reduction of cell viability caused by encapsulated and non-encapsulated PEI.
The normalized cell viability in terms of resorufin fluorescence intensity, I, versus the
amount of added PEI, mPEI, is displayed. The average of six (PEI capsules) and three
(PEI solution) independent measurements is displayed. Higher amounts of
encapsulated PEI could not be measured as there is a threshold at which the capsules
themselves can induce toxicity if added in too high quantities to the cells [48,63]. The
error bars represent standard deviations of the mean. Note that the value for zero PEI
could not be plotted due to the logarithmic scale but lies in the same range as the
smallest plotted value. The figure has been taken from reference [36]. Reprint with
permission from Elsevier.

For the capsules, larger amounts of PEI than plotted were not added to the
cells because at some point the capsules themselves may introduce adverse
effects [48,63], and furthermore the cells do not have the capability to take up
arbitrarily high numbers of capsules. Nonetheless, the graphs show that the
toxicity of encapsulated PEI is much smaller than that of free PEI. The number
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of capsules added to the experiments corresponding to Figure 5 was
20 capsules per seeded cell, which accords to 25 ng in the whole well. In the
toxicity test, this accords to 0.1875 ng, as only 1.5 · 104 instead of 2 · 104 cells
were seeded per well. At this amount, however, the viability of the cells is not
affected. This means that the capsules protect the cells from the PEI of the
encapsulated polyplexes [36].

10.2.2. Light acting on Plasmonic nanoparticles as external trigger
to mediate cargo release

For light-triggered release, plasmonic nanoparticles can be integrated in the
wall of the capsules. These nanoparticles can be excited with light at their
plasmon frequency, inducing oscillations of the surface electrons, so-called
plasmons. The plasmons subsequently transfer their energy first to the crystal
lattice and from there to the environment, i.e. they dissipate heat [64-66]. The
locally generated heat is sufficient to open the capsules and facilitate cargo
release, not only from the capsule but also from the organelle [67-69].
Carregal-Romero et al. demonstrated this upon release of a pH sensor, which
monitored differences in pH of the lysosomes and the cytosol along its way
[68]. Moreover, more complex and labile molecules such as siRNA, mRNA or
proteins can be released following this strategy while maintaining their
performance [69]. Whereas in the previous paragraphs the release of nucleic
acids was achieved making use of biodegradable capsules and the ability of PEI
to trigger cytosolic release of the nucleic acids from the lysosomes [36], in this
paragraph the release by external laser opening is described. This technique
has the advantage that the release can be confined very specifically to a single
cell and the capsule of interest. The release of macromolecules such as proteinencoding mRNA, but also proteins themselves is possible with this technique.
In Figure 6, the burst of the lysosomal vesicle is shown [68]. Cells were
incubated with seminaphtharhodafluor (SNARF)-containing light-responsive
capsules. Before opening, the capsules appear in green-yellow due to the acidic
lysosomal pH. After irradiation with the laser, the capsules appear in yellow,
indicating a neutral or slightly alkaline pH (Figure 6A). The images in A were
taken with a low exposure time to image the capsules, whereas the images in B
were taken with a high exposure time to detect the fluorescence in the cytosol,
and thus the capsules appear overexposed in Figure 6B [68].
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Figure 6. A549 cells were incubated with light-responsive SNARF-filled capsules.
Before opening of the capsules, they appear in green-yellow indicating the acidic
lysosomal pH. After opening, the SNARF-dextran is released and spreads and the
cytosol of the irradiated cells appears in red due to the neutral to slightly alkaline pH.
Images in A were taken with a small exposure time optimized to image the capsules;
images in B were taken with a high exposure time in order to image the cytosol.
Capsules in B therefore appear overexposed. The scale bar represents 20 µm. The
figure has been taken from reference [68]. Reprint with permission from Elsevier.

10.2.2.1. Delivery of mRNA with light-responsive capsules
Delivery of mRNA often is performed with polyplexes such as mentioned
already above for the delivery of siRNA. The uptake and subsequent release of
mRNA from the endocytic vesicles to the cytosol is statistically distributed.
Determining the kinetics of cytosolic release is therefore difficult, as there is no
clear starting point in time. Delivery of mRNA by light-responsive capsules in
the contrary offers external control over the point in time of release and thus
can circumvent this issue. In Figure 7, the kinetics of delivery of GFP-encoding
mRNA is depicted for HeLa cells incubated with mRNA polyplexes on the left
and mRNA-containing light-responsive capsules on the right side [69]. The
kinetics of the polyplexes is plotted dependent on the incubation time showing
saturation after 15 h. The cells show a uniform expression of GFP as visible in
the images after 10 h and 25 h. The cells incubated with mRNA-delivering
capsules show different kinetics. The expression possesses Gaussian
distribution with the maximum at 10 h after the opening of the capsules.
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Figure 7. GFP expression of HeLa cells following transfection by polyplexes (left panel)
and light-responsive capsules (right panel). (A) represents a sketch of polyplexes, (B)
Confocal images of HeLa cells expressing GFP after treatment with polyplexes, C) mean
fluorescence intensity of HeLa cells dependent on the incubation time, (D) a sketch of
light-responsive capsules as carriers of mRNA, (E) confocal images of cells expressing
GFP after treatment with light-responsive capsules, (F) time-dependent GFP intensity
after light-mediated opening. The scale bars represents 20 µm. The figure has been
taken from reference [69]. Reprint with permission from Wiley-VCH.

Controlling the beginning of release externally could offer a way to release
mRNA of various proteins sequentially and study, for example, the interaction
of different mRNAs or other cargos in a time-resolved manner independent of
the uptake time and the time needed for cytosolic release. In order to
demonstrate sequential release, Ochs et al. employed the phosphatase-mediated reaction of ELF97 phosphate to ELF97-alcohol [69]. Cells were co-incubated with light-responsive capsule filled with ELF97 phosphate or
phosphatase, and a blue or red marker. The reaction could be taken out in cells
containing capsules of both types. In Figure 8, the intracellular reaction is
demonstrated once in the way that first phosphatase was released and only
afterwards ELF97 phosphate (top panel), and once the other way around [69].
As visible in the images, the reaction product ELF97-alcohol sediments in the
capsule opened secondly. The highest benefit from light-triggered release as
described here can be taken for reactions of short timescale rather than for
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long-lasting systems, in which uptake and cytosolic release is negligible
compared to the reaction itself.

Figure 8. HeLa cells were incubated with light-responsive capsules containing nonfluorescent ELF97 phosphate and the red fluorescent AlexaFluor594-dextran (red
capsules) and light-responsive capsules containing non-fluorescent phosphatase and
the blue fluorescent Cascade Blue-dextran (blue capsules). Phosphatase is capable of
converting ELF97 phosphate into fluorescent ELF97-alcohol (A). In a cell containing
both, ELF97 phosphate-filled capsule and phosphatase-filled capsule, first the
phosphatase capsule is opened (B) and afterwards the ELF97 phosphate capsule (C).
The enzymatic reaction takes place and the ELF97-alcohol’s fluorescence is observable
within the yellow circle (D). When first the ELF97 phosphate containing capsules and
subsequently the phosphatase-containing capsules are opened (E-F), the ELF97alcohol sediments in the area of the phosphatase capsule (G). The scale bar
corresponds to 25 µm. The figure has been taken from reference [69]. Reprint with
permission from Wiley-VCH.
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10.2.2.2. Protein release from light-responsive capsules
Laser opening of capsules can also facilitate the release of the proteins
themselves rather than the mRNA. In Figure 9, the release of GFP from
capsules by laser irradiation is depicted [68]. After irradiation, the cytosol of
the cells shows the green fluorescence of GFP, resulting from homogeneous
spreading of the encapsulated GFP. In contrast, the GFP release from
biodegradable capsules shows a dotted pattern indicating that GFP is located
in small cellular vesicles, most likely exosomes.

Figure 9. Release of GFP from light-responsive capsules in HeLa cells. The capsules
were irradiated with a laser at intensity of 3.8 mW cm–2. Before irradiation the green
fluorescence is confined to the capsules, afterwards the fluorescence is visible in the
cytosol showing the release of GFP. The arrow points at the opened capsule. The scale
bar corresponds to 20 µm. The figure has been taken from reference [68]. Reprint with
permission from Elsevier.
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10.3 APPLICATION II: SENSING
10.3.1. pH sensing with fluorescent dyes
In the context of medical or pharmaceutical purposes, monitoring of the
internal properties of a cell is of highest interest as many diseases are
triggered by malfunctions of cells. In many cases, the homeostasis of the cells is
influenced and alterations of intracellular properties can occur. One of the
most fundamental properties in this manner is pH. The activity of enzymes, for
example, is dependent on pH and deviations from the appropriate pH lead to
low activity and can in the worst case harm the enzyme irreversibly.
Furthermore, pH gradients across cellular membranes play an important role,
as they ensure that cells can extract energy from transport processes across
membranes. pH monitoring in living cells can help to study proliferation,
apoptosis, and endocytosis, among others [70-73]. Moreover, there are many
examples of diseases where the pH regulation in the affected cells or tissue is
disturbed [74,75]. Monitoring pH can therefore be used to identify affected
cells or vice versa tell if a certain drug is capable of stopping the pH regulation
disturbance. A straightforward way is to use cell-permeant forms of pHsensitive dyes, e.g. acetoxymethyl ester derivates. These dyes are electrically
neutral and are taken up by cells via osmosis. Their signal is either a spectral
shift upon change of pH or the emission intensity alters. As cellular fluids are
very complex, there are many ways in which the dye can be influenced, e.g. by
binding to proteins [76]. Therefore, to measure accurate pH values, the dye
must be calibrated intracellularly. The most common way to do this is the use
of nigericin, a K+/H+ ionophore [77]. After treatment with nigericin, the intraand extracellular pH values equilibrate and the intracellular pH can be
adjusted by change of the extracellular pH. However, there are some problems
associated with dye-based measurements. During long-time measurements,
the cells sequester parts of the dye, which leads to lower signal, although no
actual change of pH may have happened. Fading, also called photobleaching, is
another issue in long-time experiments. In this case, repeated illumination
leads to lower signal, due to reaction of the dye with radicals, e.g. reactive
oxygen species, into non-fluorescent molecules [78,79]. Furthermore, a
ratiometric measurement is preferred as it excludes sources of errors such as
local gradients of the concentration of the dye, fluctuations of the illumination
intensity over time, different exposure times, etc. [80,81]. For ratiometric
measurements a second dye is needed as a reference, where the ratio of the
local concentrations of the two dyes is constant and the ratio of the intensities
is pH-dependent, at least in the interesting pH range around 4.5–8 for cells.
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10.3.2. pH dependence of organic fluorophores
Apart from protons, the most critical ions in cells are Na+, K+, Ca2+, Mg2+, and
Cl–. The concentrations of Na+, K+, and Cl–are, for example, of special
importance for muscle cells and neurons as the formation of action potentials
is dependent on them. Ca2+ is important for the release of neurotransmitters
and muscle contraction and can serve as cofactor for enzymes. Mg2+ also is a
cofactor for many enzymes. The use of adenosintriphosphate (ATP) as energy
source for the cell is, for example, only possible if magnesium is bound to the
ATP. There are many organic fluorophores available for sensing and measuring
intracellular concentrations of the mentioned ions. However, many of the dyes
available tend to be pH-sensitive in addition to respond to their specific ion
and may also be sensitive to other ions [82]. For example, the potassium- and
sodium-sensitive dyes, a fluorescent potassium-sensitive indicator (PBFI) and
a fluorescent sodium-sensitive indicator (SBFI), respectively, show crosstalk
with the correspondent other ion [39,43], and the Mg2+-sensitive dye MagIndo-1 can also be used for sensing Ca2+. In Figure 10, the pH dependence of
the
chloride-sensitive
dyes:
N-(ethoxycarbonylmethyl])-6-methoxy-quinolinium bromide (MQAE) and 10,10'-bis(3-carboxypropyl)-9,9'-acridiniumdinitrate (BAC), the calcium sensor dye Calcium Green-1, and the
magnesium sensor dye Mag-Indo-1 are reported by Kantner et al. [43].

Figure 10. Response curves of ion-sensitive dyes to the respective ion and pH.
Fluorescence signal of the chloride-sensitive dyes (a) MQAE and (b) BAC, in
dependence of Cl– and pH, (c) calcium-sensitive Calcium-green-1 against Ca2+ and pH,
and (d) magnesium-sensitive Mag-Indo-1 in dependence of Mg2+ and pH. In all cases,
the signal intensity is clearly dependent on pH in addition to the respective ion. The
image is taken from reference [43]. Reprint with permission from Wiley-VCH.
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In all cases, the fluorescence intensity is clearly dependent on pH. In the plots
of the chloride-sensitive dyes, intensity values increase especially for low pH
values, whereas for higher values, from pH 6–10, the profile only slightly
changes for constant chloride concentration. For the other two dyes, the
fluorescence intensity is clearly dependent on pH as well. This means in
principle that measurements with all these dyes need to be supported also by
pH measurements to obtain clear results on changes of concentrations of the
desired ions.

10.3.3. Intracellular pH sensing with capsules

As mentioned in the introduction, one application of capsules is their use as
intracellular sensors. Thereby, advantage is taken of the porosity of the
capsules, as small ions can virtually freely diffuse through the capsule walls
[13], whereas the dye can be bound to bigger molecules such as dextran to
keep it trapped inside the cavity. The use of capsules or other carriers has
some advantages over the free dye. As the probe is confined to a small volume,
the local concentration of the dye does not influence the measurement. For the
free dye, problems can occur when the concentration of the dye is not evenly
distributed as then the signal obtained is dependent on the concentration of
the dye and on the concentration of the analyte [83]. Moreover, the capsules
protect the dye from unspecific binding, sequestering, and degradation inside
the cells [38]. Vice versa, the capsule also protects the cell from the dye. This
opens the possibility to use molecules, which are toxic for the cells or have
other undesired effects. To perform intracellular pH-sensing with capsules,
they were filled with the pH-sensitive dye SNARF® bound to dextran. This dye
is intrinsically ratiometric, as it has two emission maxima, one at 580 nm, and
one at 640 nm. The maximum at 580 nm grows with decreasing pH, whereas
the one at 640 nm grows with increasing pH. The ratio of both maxima can be
used to obtain a calibration curve of the dye. In Figure 11a, the calibration
curve for one batch of SNARF® capsules is depicted [41]. The capsules can be
used as sensors roughly from pH 6–9, as above and below the slope vanishes
and hence the ratios cannot be related to a specific pH value anymore. In one
recent report the SNARF® capsules were used as intracellular reporters for the
lysosomal pH of MCF-7 breast cancer cells [41]. Capsules in the extracellular
medium served as control capsules to confirm that changes of the color of the
capsules did not take place automatically over time. In Figure 11, curves of
intra- and extracellular capsules are plotted as function of time. The red line
displays extracellular capsules and the green one internalized capsules. The
ratio of the red and green intensity is plotted, which means that higher values
correspond to higher pH. The capsules were used now to monitor the
lysosomal pH under influence of substances that are reported in the literature
to influence the lysosomal or generally the cellular pH. The substances tested
were amiloride, bafilomycin A1, chloroquine, and monensin. The mechanisms
influencing the pH were of different nature. In this book chapter, we only
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describe the example of monensin; details for the other substances can be
found in the publication and its supporting information [41]. Monensin is a Na+
ionophore, which means that it can bind to sodium ions and transport them
through cell membranes. It is not specific to sodium ions but can bind also to
potassium and other monovalent cations [84]. However, in cells it plays an
important role as Na+/H+ antiporter. This means that it transports sodium ions
through membranes in one direction and protons in the other direction.
Thereby, it abolishes sodium and pH gradients in the cells [85]. The capsules
were calibrated in buffer solutions using fluorescence microscopy, Figure 11a
[41]. The pH profile of untreated cells was obtained as control (Figure 11b)
and the pH profile of cells treated with different substances was monitored. In
Figure 11c, the plot of one monensin experiment is displayed. The yellow bar
indicates the period when monensin was present. The red curves in a) and b)
show photo-bleaching in the beginning. The green curve has a baseline slightly
above one. The untreated cells do not change the pH over the time monitored.
Cells treated with monensin show a rise in pH to that of the extracellular
capsules very fast, indicating that the lysosomal and the extracellular pH
equilibrate during the presence of monensin. The peak keeps a high level
during the presence of monensin. As soon as there is equilibrium of pH and
sodium ions across a membrane, a further increase of the pH value is not
possible. This means that the equilibrium was reached within one hour. The
fast decrease of the green curve after the washing supports this. By rinsing the
cells, the effect of monensin is completely diminished within one hour.

Figure 11. Monitoring the long-term behavior of the lysosomal pH of MCF-7 cells upon
stimulation with monensin. The calibration curve (a) shows the applicability of the
capsules for pH measurements from pH 6–9. In the control cells (b), no change of pH is
observable. Cells treated with monensin (c) for 4 h (indicated by yellow bar) show
increasing pH during the presence of monensin. The lysosomal pH reaches the level of
the extracellular medium and returns to the basic value after removal of monensin.
The image is taken from reference [41]. Reprint with permission from Wiley-VCH.
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10.4 THERANOSTICS AS BIOMEDICAL APPROACH FOR
POLYELECTROLYTE MULTILAYER CAPSULES
One of the future goals in medical treatment is so-called personalized medicine
[86]. This term describes the idea to customize treatment of different patients
based on their individual condition. The treatment should involve the
identification of the molecular factors of the disease and from this the
appropriate treatment strategy should be chosen. Moreover, this approach is
expected to reduce unnecessary treatment, as ineffective drugs and therapies
are to be prevented by the identification of the specific disease markers. In a
further step, the outcome of the treatment should be monitored, so to be able
to respond to side effects [87]. The major example where personalized
medicine is expected to improve treatment is cancer [88,89]. Theranostics is
the term to describe the combination of therapy and diagnostics in one
treatment [90,91]. Within this section we outline the advantages and
possibilities of polymer capsules for use in both diagnosis and therapy.
Diagnosis hereby is based on capsules as intracellular optical sensors (for
example of pH due to their lysosomal location). There are numerous
publications on optical sensors for intracellular ion sensing. However, very
often there are also numerous shortcomings included [43,92]. In many articles,
sensor systems are presented that show very good behavior in defined
environment, for example buffers with varying concentration of the targeted
ion. Yet, the claim that these sensors will work the same way intracellularly is
often too strong, as the intracellular environment is in many aspects different
from a simple buffer solution. Hence, a study presenting a sensor system but
no proof that the sensors work inside cells is incomplete and should
interpreted carefully. Studies including cell experiments often focus only on
the proof that intracellular measurements are generally possible. Monitoring
the behavior of the targeted ion concentration, however, is often excluded or
only done over very short times [93,94]. Instead, it is important to also focus
on the long-term monitoring of the dynamics of the lysosomal pH upon
induced ion deregulation. pH is a preferential choice, as it is a ubiquitous
quantity relevant for many cellular processes and because optical sensing of
other ions is not as easy and straightforward as might be expected due to the
pH dependence of many dyes as shown above [43]. Concerning therapy
applications of capsules, integration of genetic material, i.e. DNA and RNA, into
eukaryotic cells, the so-called gene therapy, was already shown as exemplary
application previously in this chapter. Another therapeutic strategy in which
capsules can be utilized is enzyme replacement therapy, for example in
lysosomal storage diseases, will be discussed in the following.
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10.4.1. Capsules for sensing and enzyme delivery in lysosomal
storage disease models
10.4.1.1. Lysosomal storage disorders
Polymer capsules are excellent candidates for the design of a theranostic tool
to be applied in lysosomal storage disorders (LSD). Those disorders are a large
family of rare diseases, which are characterized by defective enzymes in the
lysosomes of one or more types of cells in the body [95-97]. So far, round about
50 LSDs are known. Each single disease is very rare in the population, but
taken together makes for a rate of 1 in 4000-8000 live births [97]. Approved
treatment is only available for six of these diseases so far and relies on socalled enzyme replacement therapy (ERT), in which the patients are
administered the defective enzyme via intravenous infusion. The unfavorable
outcome of these disorders is commonly death during the first years. The effect
of the altered metabolization process on the lysosomal pH is not yet
understood. As mentioned already, capsules are trafficked to the lysosomes of
the cells after uptake. This opens the possibility for applications of capsules as
carriers for the introduction of biologically active cargo into the lysosomes and
at the same time live-monitoring the dynamics of pH.

10.4.1.2. Fabry disease

One of the six diseases where treatment is available is Fabry disease. Patients
with Fabry lack the enzyme α-galactosidase A (GLA). This enzyme is
responsible for the degradation of globotriaosylceramide (Gb3). There are two
drugs approved for treatment, Replagal® from Shire and Fabrazyme® from
Genzyme. However, there is need for improvement of these treatments for
several reasons. First, so far the defective enzyme is injected as solution into
the blood stream, which means that the enzyme is unprotected against
degradation. This degradation already can happen in the body outside the cells,
but also inside the cells the enzyme can be degraded before it begins its work
in the lysosome [98]. The advantage of capsules is therefore the protection of
the drug against degradation in the body. Second, GLA enters the cells through
receptor-mediated uptake by mannose-6-phosphate receptors (M6PR). These
receptors, however, may not be expressed homogeneously in all relevant
organs of the patient, leading to imbalanced distribution of GLA in the body
and thus ineffective treatment of the patient [95]. This can be evaded by use of
capsules as shell, as capsule uptake is independent of receptors (in case there
is no specific ligand attached to the capsule surface). Third, many patients
begin to express antibodies against GLA and treatment becomes ineffective or
inefficient [95,99]. The mechanism behind the immune response is the
production of antibodies binding to GLA which can influence, among others,
receptor binding and subcellular trafficking, which means that the enzymes
might not reach the lysosomes anymore [99].
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10.4.1.2.1. Determination of GLA content of capsules by Western Blot

Determination of capsule content is, in general, a difficult task. Absorption
spectroscopy, for example, does not work properly as the capsules themselves
usually absorb and scatter light much stronger than the cargo itself. Measuring
the content of all washing solutions and subtracting the value from the amount
used for synthesis is also highly error-prone. As the cargo in this case is a
protein, Western Blot can be used to determine the content of the capsules.
The exact mechanism why the capsules break and release their content is not
clarified yet and to the best of our knowledge, Western Blots with
polyelectrolyte capsules to determine the loading level have not been
published so far. As the polyelectrolytes of the capsules are not covalently
bound to each other, the electric field might rupture the capsules and
subsequently, the content could be released. In so far unpublished work the
amount of GLA per capsule found was approximately 400 fg [100].
10.4.1.2.2. Intracellular effect of GLA and GLA capsules

GLA capsules were tested by Nazarenus et al. for their intracellular effectivity
with mouse aorta endothelial cells (MAEC) from GLA knockout mice [100]. To
determine the intracellular activity of the GLA capsules, the cells were coincubated with the capsules and the GLA substrate 7-nitrobenzofurazan
(NBD)-labeled Gb3 (NBD-Gb3). The substrate is fluorescent while the product
after conversion by GLA is non-fluorescent. Therefore, the intracellular activity
of the capsules or free GLA can be obtained from the fluorescence of NBD-Gb3
in the cells. Concerns that the substrate is converted already in the cell medium
before uptake by the cells can be ruled out as the enzyme only works well at
acidic pH and thus only when it has reached the late endosomes or lysosomes
in the cells. The efficiency of the capsules compared with GLA was determined
by the fluorescence loss of NBD-Gb3. In Figure 12, the fluorescence loss is
plotted against the mass concentration of GLA, which was calculated from the
amount of GLA determined by Western Blot [100]. The amount administered
with capsules was higher than that of the GLA solution. The curves show that
the GLA solution has a higher efficacy, since already with a concentration of
1 mg mL–1 a fluorescence reduction of more than 90 % was obtained, while the
capsules do not reach such a high level, but only about 80 %. Furthermore, the
GLA concentrations needed in case of capsules are higher than those in case of
the GLA solution.
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Figure 12. Fluorescence reduction of NBD-Gb3 in MAEC as determined with flow
cytometry. The plot depicts the loss of fluorescence, ΔI, as function of the administered
concentration of GLA, either as solution (black curve) or as capsule suspension (red
curve). Unpublished work [100].

10.4.1.3. Krabbe disease
Krabbe disease, also called globoid cell leukodystrophy, is an inherited
neurological disorder. Knowledge about the disease is limited and so far no
cure but only palliative and symptom-related treatment is available. Symptoms
occur at the age of 3–6 months and involve fevers, limp stiffness, and
decelerated mental and motor development among others. Later blindness and
deafness can appear. The disease is triggered by a dysfunction of the
oligodendrocytes of the patients. Oligodendrocytes are a type of brain cells,
which provide the axons of neurons with an electrically insulating myelin
sheath that also serves as scaffold. When the oligodendrocytes produce myelin,
side products such as psychosine or other sphingolipids, and
galactosylceramides
are
produced,
which
are
metabolized by
galactocerebrosidase (GALC). This enzyme is located in the lysosomes of the
cells. In Krabbe disease, however, the oligodendrocytes lack this enzyme, and
therefore, sphingolipids and galactosylceramides accumulate in the lysosomes.
This accumulation leads to cell death, and subsequently, the axons are not
provided their myelin sheath. The lack of insulation leads to slower signaling
which can be measured in a nerve conduction study [101]. A simple model of
Krabbe disease can be obtained from the MO3.13 cell line [102,103]. These
cells are immortalized oligodendrocytes. When incubated with psychosine
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they internalize and store it in lysosomes. In a so far unpublished study, the
wild-type (MO3.13 WT) was used as well as cells where the enzyme GALC was
knocked out (MO3.13 KO) [100]. The knockout cells (KO) represent
dysfunctional oligodendrocytes in the brain of Krabbe patients whereas the
wild-type (WT) served as control.
10.4.1.3.1. pH sensing in MO3.13 oligodentrocytes

So far, there is not much knowledge about the influence of psychosine and
other sphingolipids on the pH of oligodendrocytic cells and especially on cells
lacking GALC. In so far unpublished work, SNARF® capsules were used to
monitor the pH to obtain a time-resolved pH profile of the lysosomes during
the accumulation of psychosine in both MO3.13 KO and MO3.13 WT cells [100].
In Figure 13, the color change of one capsule in a WT cell is shown. The two
images were taken within a period of 20 min. The color changes from green to
red, which shows that the local pH rose between those two images.

Figure 13. Example of a capsule where the color changes from green to red in a
MO3.13 WT cell. The scale bar corresponds to 10 µm. Unpublished work [100].

In Figure 14, images of cells incubated with 2 µM psychosine are shown (a).
The capsules appear in yellow due to the acidic environment of the lysosomes.
Images of both WT and KO cells are depicted and “PSY” indicates cells
incubated with psychosine whereas “Control” shows cells kept in psychosineand serum-free media. After 20 h of incubation, the cells in all the four
conformations appear healthy and no sign of apoptosis is visible. Images like
these were evaluated to obtain the time-resolved pH profile as seen on the
right. A low-pass frequency filter was applied to the curves to abolish shortterm fluctuations and visualize the long-term trends more clearly. The blue
lines represent the cells incubated with psychosine and the red lines the
controls without psychosine. The graphs show that both the WT cells in (b) as
well as the KO cells in (c) show small variations but no significant changes of
pH during the presence of psychosine. Figure 15 contains images of MO3.13
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cells incubated with 10 µM of psychosine at different points in time. The
marking is similar to Figure 14. Cells incubated with psychosine show round
shapes after 600 min, which is a sign of apoptosis. Both WT and KO cells show
this behavior. In the KO cells, no significant color change is detectable, which is
also true for both WT and KO controls. In the graphs, a significant difference
between WT and KO cells is observable. While the KO cells in (b) do not show
pH changes, the WT cells in a) show a clear rise in pH during the presence and
accumulation of psychosine [100].

Figure 14. MO3.13 cells incubated with psychosine at a concentration of 2 µM. (a)
Images of the points in time indicated at the top are shown. “PSY” indicates the panels
with cells incubated with psychosine, whereas “Control” indicates the cells in medium
not supplemented with psychosine. From the images it can be seen that neither the WT
nor the KO cells suffer from 2 µM psychosine. SNARF® capsules in all images are yellow
indicating the acidic pH environment of the lysosomes. The scale bar represents 10 µm.
(b) MO3.13 cells treated with 2 µM psychosine and controls without treatment.
MO3.13 WT cells (b) as well as MO3.13 KO (c) cells show only small variations but no
eminent change of lysosomal pH during incubation with 2 µM of psychosine.
Unpublished work [100].
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Figure 15. MO3.13 cells incubated with psychosine at a concentration of 10 µM.
(a) Images of the points in time indicated at the top are shown. “PSY” indicates the
panels with cells incubated with psychosine, whereas “Control” indicates the cells in
medium not supplemented with psychosine. From the images it can be seen that both
the WT and the KO cells suffer from 10 µM psychosine as cells become round, which is
a sign of apoptosis. SNARF® capsules in all images are yellow indicating the acidic pH
environment of the lysosomes. The scale bar represents 10 µm. MO3.13 WT cells show
increase of the lysosomal pH during treatment with 10 µM psychosine, whereas the
control cells only show small variations (b). In contrary, MO3.13 KO cells (c) only show
small variations of the lysosomal pH whether treated with psychosine or not.
Unpublished work [100].

10.4.1.3.2. Delivery of galactocerebrosidase to MO3.13 oligodentrocytes

So far, there is no drug to cure Krabbe disease. Other LSDs like Fabry or
Gaucher can be treated by enzyme replacement therapy where the missing
enzyme is delivered to the patients by intravenous infusion. Here, the idea was
to introduce the lacking enzyme GALC into the cells by biodegradable capsules
and scrutinize if the delivered enzyme could reduce the toxic effects of
psychosine. As seen from the images in Figure 15, cells of the wild type as well
as KO cells treated with 10 µM of psychosine show signs of apoptosis after
longer incubation times, i.e. the cells appear spherical [100]. This was
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quantified further by MTT cytotoxicity assays [100]. 5 or 10 GALC capsules,
and in case of KO cells also 10 empty capsules per seeded cell were added to
the cells together with the serum-free medium. Control cells without capsules
were treated similarly. Afterwards, psychosine was added in serum-free
medium at different concentrations from 0 to 20 µM. The results are found in
Figure 16. The blue and black curves show the cells treated with capsules, the
red curves the cells without capsules. The 100 % value was always assigned to
cells without capsules and without psychosine, i.e. the 0 µM value of the red
curves. In KO cells, the red curves show the same trend in both diagrams, and
the black curve in (b), which represents empty capsules, shows the same
behavior. KO cells incubated with GALC-containing capsules show high
viability both with 5 and with 10 GALC capsules per seeded cell. The viability,
however, is higher for cells treated with 5 capsules. With 10 capsules, the cells
show a small loss in viability with rising psychosine concentration and
generally lower viability. In WT cells, a contradictory behavior is observed, as
shown in (c). The untreated cells show high viability independent of the
concentration of psychosine, whereas cells incubated with capsules show
clearly reduced viability, which means that the capsules have an adverse effect
on the WT cells.

Figure 16. Viability test based on the chemical MTT (MTT assays) of MO3.13 KO cells.
The viability, V, after 24 h is plotted versus the concentration of psychosine. The red
curves represent cells without capsules whereas the black curves represent cells
treated with (a) 5 GALC capsules per cell, (b) 10 GALC capsules per cell, and (c) 10
empty capsules per cell. The error bars represent standard deviations. Unpublished
work [100].
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10.5 CONCLUSION
Knowledge of intracellular ion distributions and concentrations is of high value
for the diagnosis of diseases. Especially pH plays a prominent role. In general,
the analysis of the entire intracellular ion milieu is of relevance for the health
condition of cells. However, the intracellular measurements of other ions such
as sodium, potassium, chloride, calcium, or magnesium, which are the most
important ions for the cells, are problematic. The available ion-sensitive dyes
usually are not only sensitive to the specific ion of interest but also show
sensitivity to other ions and crosstalk with pH. Therefore, pH is a very good
parameter for diagnostic monitoring. The capsules thereby are a good choice of
diagnostic tool as they are taken up by many different cell types, they are nontoxic, they allow non-invasive readout, and their intracellular stability allows
for long-term monitoring. In the cited literature the usefulness of different
sorts of capsules for therapeutic purposes was demonstrated. Regarding gene
therapy, the delivery of RNA by biodegradable or by light-responsive capsules
results in successful gene knockdown or gene expression, respectively. In case
of biodegradable capsules, integrated PEI facilitates lysosomal escape due to
the proton sponge effect. siRNA-filled biodegradable capsules have been
demonstrated to enhance transfection efficacy compared to polyplexes as
observable from the shorter transfection time of 20 h compared to 48 h in
standard transfection protocols. Furthermore, the delivery can be performed
in serum-supplemented medium. This is a big advantage over standard
protocols, as deprivation of serum results in stress for the cells. This feature is
especially important for in vivo experiments, where the serum levels cannot be
regulated externally. In case of light-responsive capsules, the advantage of a
distinct beginning time of transfection was shown. It is possible to open
capsules with different cargos sequentially in the desired order and therefore
study the interactions of various cargos in a time-resolved way. Another form
of therapy addressable by capsules is enzyme replacement therapy. The
introduction of proteins both by biodegradable and by light-responsive
capsules is possible. In case of the biodegradable capsules, one can make use of
the natural uptake route of capsules terminating in the lysosomes of the cells.
Models of lysosomal storage disorders were used to demonstrate the
successful delivery of deficient enzymes to the respective cells. The
functionality of the delivered enzymes was shown in models for Krabbe and
Fabry disease. In case of the light-responsive capsules, the successful
introduction into the cells was demonstrated with the phosphatase-mediated
reaction of ELF-97 phosphate to ELF-97-alcohol, as well as the release of GFP
from the capsules into the cytosol.
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