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Controlled Triggering of Cytosolic Reactions**
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Layer-by-layer assembly was introduced almost two decades
ago as a versatile technique for the construction of thin
multiple-layer films composed out of polyelectrolytes.-?
Shortly after, the concept was extended from planar to
spherical geometry, resulting in polyelectrolyte multilayer
capsules.’ The semipermeable wall of the capsules (with
a thickness of a few nanometers)!®” and the cavity can be
further loaded with inorganic colloidal nanoparticles (NPs)
made of different materials and with multiple cargos,® "
respectively (Figure 1). The resulting multifunctional capsules
are well-suited for in vitro delivery of cargo inside cells.""
This concept has been highlighted in several recent
reviews.'>l Meanwhile technology has advanced to a point
at which these capsules could be a helpful tool for controlled
multifunctional in vitro delivery. Nowadays the cavity of
capsules can be loaded with a large variety of cargo. While
large molecules such as proteins will be readily kept inside the
cavity, small molecules need to be either linked to macro-
molecules such as dextran,' or be embedded inside
micelles.'”! The micelle approach even allows for encapsula-
tion of small hydrophobic molecules. The materials forming
the polyelectrolyte wall can be chosen such that capsules
internalized by cells are not degraded and preserve their
cargo over weeks. Leakage of the cargo molecule is reduced
and controlled release of cargo upon external stimuli can be
performed.

A large number of capsules can be taken up by cells
in vitro without causing acute cytotoxicity, even for capsules
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Figure 1. A) Schematic representation of a capsule with walls produced
via layer-by-layer assembly (gray). The cavity of the capsule is loaded
with a cargo (blue). The wall of the capsule contains magnetic (black)
and plasmonic (red) NPs. B) A representative transmission electron
microscopy (TEM) image of a capsule with a large amount of
magnetic Fe,O; and plasmonic Au NPs in its walls. The scale bar
corresponds to 1 pm.

with large sizes of around 5 um."*?! It is conceivable that if
cells are exposed simultaneously to different types of capsules
with similar layer composition, they will internalize them with
a statistical distribution. To demonstrate this we exposed cells
to a mixture of four types of capsules loaded with different
fluorescently labeled dextrans emitting blue, green, red, or
near-infrared light (Figure 2A) corresponding to Cascade
Blue, fluorescein isothiocyanate, AlexaFluor594, and Dy647,
respectively. HelLa cells were incubated with amounts of
capsules equivalent to two, four, or six capsules of each color
per cell for four hours. Figure 2B presents the number of
capsules of each color internalized per cell. When six capsules
of each color (i.e. 24 capsules in total) were added per cell,
50% of the cells had internalized at least one capsule of each
color. Contrary, when only two capsules per cell of the four
kinds were added the percentage dropped to less than 20 %.
These findings demonstrate the feasibility to simultaneously
load cells with a variety of encapsulated cargos.

The loading of cells can be specifically directed by
incorporating magnetic NPs in the wall of the capsules. This
is possible since magnetic field gradients, which are created by
positioning a magnet in a flow channel system, trap the
capsules close to the magnet.””!! This method can ultimately be
used to achieve specific capsule distribution patterns in the
cell culture or in vivo for certain applications. Figure 2C,D
shows the results of an experiment demonstrating the
targeted deposition of differently colored capsules in a sub-
millimeter pattern. A magnet with an edge length of 5 mm
(ca. 1,3 T) was modified with two iron slips on top (width ca.
800 um) that apply the magnetic field in the shape of two
stripes underneath a flow channel, which simulates blood
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Figure 2. A) Hela cells were incubated with a homogeneous mixture
of fluorescent capsules in blue, green, red, and violet. An overlay of
phase contrast and different fluorescence images is shown. The scale
bar corresponds to 50 pm. Cell borders are indicated by red lines.

B) Two, four, or six capsules of each type per cell were added to the
culture medium. The probability of observing in one cell 0, 1, 2, 3, and
4 capsules of different color is plotted. C) Lateral arrangement of
fluorescent capsules within a cell culture owing to magnetic guidance
in a flow chamber. The scale bar corresponds to 250 um. D) Corre-
sponding fluorescence intensity of each color along the flow channel
shown in (C). The green fluorescence signal belongs to cell staining
with AlexaFluor488 useful to colocalize the fluorescent signals from
capsules and cells.

stream, in which the cells were cultured. Capsules loaded with
a fluorescent dye linked to dextran and magnetic NPs were
added and allowed to circulate in the flow medium above the
cells for ten minutes. Then the magnet was moved along the
channel, and a new type of capsules loaded with another
fluorophore was added to the flow medium for ten minutes.
This procedure was repeated, and the magnet was moved
along the channel in distance steps of 800 um. The respective
capsules were trapped close to the position of the magnet,
locally concentrated, and subsequently internalized by the
cells. This procedure allowed for obtaining a submillimeter
resolution level of the patterns. In summary, capsules with
different cargo can be directed by magnetic field gradients to
specific regions of a cell culture.

Most cell types internalize capsules in a nonspecific way
through different endocytotic pathways, whereby most of the
capsules ultimately are located inside lysosomes."®! Capsules
modified with plasmonic NPs allow for releasing cargo from
lysosomes to the cytosol by photothermal heating.>* This is
similar to the classical concept of light-controlled release of
caged compounds (such as caged calcium) inside cells.?®! Our
approach, however, allows light-controlled release of a much
larger class of molecules and also subsequent release of
different molecules. Moreover, the technique to open the
capsules is applied on individual capsules, thereby permitting
sequential opening of different capsules within one cell.””!
Local disruption of the capsule walls also leads to (transient)
permeability of the membrane of the lysosomes in which the
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illuminated capsules are located. Release however can be
triggered in a controlled way with keeping the biological
activity of the cargo molecule and with tolerable effects on
cellular viability.”>?”! The appropriate intensity of the infrared
laser pointer was studied previously.?? Au NPs were loaded at
high density to the capsule walls, as photothermally deposited
heat increases for larger clusters.”®! Here, we demonstrate
that this approach can be employed to orchestrate intra-
cellular reactions. We have studied the triggering of an
enzymatic reaction upon consecutive opening of capsules
containing either the enzyme or the substrate (Figure 3).
Alkaline phosphatase (enzyme) converts ELF97 phosphate
(substrate) into green fluorescent ELF97 alcohol (Fig-
ure 3A). These two cargos were loaded separately in two
different types of capsules and delivered into the same cell.
Both capsules, which had Au NPs in their walls, were
independently opened with a light pointer (intensity
3 mW pm~? for 1 s), which had been focused on the respective
capsule. As a result the contents of the capsules (the enzyme
or the substrate) were released into the cytosol (Figure 3).
The substrate in its original state is a phosphorylated (and
thus quenched) fluorophore. When only the substrate or the
enzyme was released into the cytosol by light-controlled
opening of one of the capsules no effect was observed
(Figure 3C,F). However, after the opening of the second
capsule with the complementary cargo, that is, the capsule
with ELF97 phosphate or enzyme, by a second illumination,
both cargos were colocated. Interaction between the substrate
and the enzyme resulted in the formation of the fluorescent
product, ELF97 alcohol, which precipitated at the site of the
enzymatic reaction (Figure 3D,G). Production of the fluo-
rescent product was either observed when first the substrate
and second the enzyme were released or vice versa (Fig-
ure 3E-G). It is important to stress that reactions (as
observed by onset of fluorescence) only occurred after
successful opening of both types of capsules in the same cell.

The opening sequence mattered in the sense that the
fluorescent compound formed after cleavage of the phos-
phate group settled down as a nonsoluble precipitate at the
site where the second capsule was opened, irrespective of its
content being the enzyme or the substrate. The reason for this
observation is the much higher concentration of released
material inside/around the last opened capsule compared to
the surrounding cytosol. The efficiency of cytosolic release
was around 50% (see the Supporting Information). To
demonstrate that triggering of enzymatic reactions is not
cell-phenotype dependent, the same experiments were per-
formed on two more cell lines (MCF-7 and MDA-MB-231,
see the Supporting Information). Finally, all these experi-
ments demonstrate that sequential release of encapsulated
materials can trigger reactions with not only one but also
multiple reactive compounds inside cells.

Moreover, reaction kinetics can be recorded. The poten-
tially strongest asset of light-mediated release lies in the
possibility to employ it to follow processes in time. We
demonstrate the feasibility of that approach by employing
mRNA encoding green fluorescent protein (GFP). Conven-
tionally, mRNA can be delivered to cells in the form of
lipoplexes or polyplexes. These complexes are taken up by the
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A) Phosphatase
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Figure 3. Alkaline phosphatase and ELF97 phosphate are sequentially
released by light-controlled heating from capsules modified with Au
NPs. A) Capsules were filled with Cascade Blue—dextran and the
enzyme alkaline phosphatase (AP, blue capsules) or AlexaFluor594—
dextran and the substrate ELF97 phosphate (red capsules). Fluores-
cently labeled dextran derivatives were co-encapsulated, because both
the enzyme and the substrate are nonfluorescent by themselves. When
the enzyme and the substrate interact with each other, alkaline
phosphatase cleaves the phosphate group of ELF97 phosphate,
thereby producing ELF97 alcohol, which is a yellow-green fluorescent
precipitate. Hela cells were incubated with both types of capsules.
Only cells that contained at least one capsule of each type were
selected. Capsules filled with alkaline phosphatase (B) or ELF97
phosphate (E) were first opened with a light pointer, as indicated by
yellow arrows. In a next step the complementary capsules with ELF97
phosphate (C) or alkaline phosphatase (F) were opened, as indicated
again by yellow arrows. Enzymatic processing of ELF97 phosphate by
alkaline phosphatase led to the production of the green fluorescent
product ELF97 alcohol (D, G). The scale bar corresponds to 25 um.

cells by means of endocytosis. To ensure protein production
the complexes need to escape from the lysosome and mRNA
needs to be released into the cytosol to produce the encoded
protein (Figure 4). The process can be monitored by plotting
GFP fluorescence versus time. If mRNA is conventionally
delivered by cationic lipids or polymers, the observed protein
production kinetics are a convolution of three distinct
processes: the uptake of the polyplexes/lipoplexes, their
release from the lysosome to the cytosol, and translation of
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Figure 4. A) Lipoplexes or polyplexes (yellow) as carrier systems of
mRNA encoding GFP (drawn in blue). B) Confocal images of the
expression of GFP in Hela cells using the transfection agent lipofect-
amine as carrier system. C) The mean fluorescence intensity per cell is
plotted versus the incubation time. D) Light-responsive capsules as
carrier systems of mRNA encoding GFP. Polyelectrolytes (gray), Au
NPs (red), and mRNA (blue). E) Confocal images of capsules internal-
ized by Hela cells. Capsules were irradiated with a light pointer, as
indicated by the yellow arrow. At time t=0 mRNA is released into the
cytosol where GFP expression started. F) The mean fluorescence
intensity per cell in which one capsule was opened is plotted versus
the time after capsule opening. Cell borders are indicated by red lines.
Scale bars correspond to 20 um.

mRNA in the cytosol (Figure4A-C). Since uptake of
polyplexes/lipoplexes by cells is a statistical process over the
time period of hours one cannot give the “time point zero” at
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which the mRNA is actually present in the cytosol. To
overcome this shortcoming, we encapsulated mRNA by using
a coprecipitation method in capsules with Au NPs in their
walls. The size of mRNAs is in the range of hundreds of kDa,
and therefore leakage is avoided owing to steric hindrance.
After internalization by cells these capsules resided in
lysosomes without releasing any mRNA. Release of mRNA
was triggered only by light-mediated opening of the capsules.
In this way the starting point at which mRNA is first present
in the cytosol can be precisely defined by the externally
controlled opening process. Kinetics of protein production
are thus no longer convoluted with kinetics of polyplex/
lipoplex delivery and thus can be recorded independently
(Figure 4D-F). Furthermore, as the release of mRNA is
triggered in a “burst-like” way, there is only one distinct event
in which the encapsulated mRNA is released. This event
results in fluorescence intensity curves of GFP that have
a Gaussian distribution with an intensity maximum around
ten hours after induced release. In contrast, as shown in
Figure 4 C, mRNA delivered by cationic lipids is available for
translation over an extended period of time. Therefore, the
amount of produced GFP and subsequent fluorescence
intensity is growing to a rather constant value and is stable
for long time.” In summary, light-mediated release of
encapsulated cargo can be used to directly record kinetics
of reactions that are triggered by the cargo in the cytosol.
We think that one of the major advantages of the
proposed method is the possibility to record kinetics of
intracellular processes independently from cellular uptake
processes and carrier system degradation. This method could
be used for in vitro screening of the effects of molecular cargo
released in a controlled way into the cytosol. The possibility to
deliver capsules with different cargos to different parts of
a cell population by using magnetic field gradients (Figure 2),
combined with the ability to release the cargo of capsules
individually (Figure 3), could allow for screening of the
effects of several cargos and their combinations. It should be
kept in mind, however, that upon light-mediated release, the
membrane of the intracellular compartment in which the
treated capsule is confined is locally perforated, as otherwise
no release into the cytosol could occur. The applied mechan-
ical and thermal stress can clearly lead to acute cell death. If
the light energy transferred to the gold NPs and herein the
resulting temperature increase is too high, treated cells die
immediately. Nevertheless, if the correct parameters of light
power and beam focus are found, opening of capsules is well-
tolerated by cells. In particular, as our methods are based on
single cells, impaired cells can be discarded from analysis.
Nevertheless, as shown herein (Figure 4), our approach did
not affect the biological activity of such a notoriously unstable
molecule as mRNA. Nonetheless, for triggered-release
experiments using the capsules as demonstrated here, inter-
ference of cytotoxic effects has to be considered, and only
appropriate experiments can be chosen that have no domi-
nant effect on the intracellular metabolism. At the current
state, quantitative release is difficult to achieve owing to, for
example, inhomogeneous loading of capsules with cargo and
Au NPs, dependence on the illumination protocol (power
density and illumination time), and incomplete release upon
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light-mediated opening.”” Thus, the system is most suited to
study the kinetics of reactions in which only the mere
presence of the released cargo in the cytosol but not its
quantity is of relevance, as it is for example the case for the
mRNA experiment shown in Figure 4. Moreover, this
approach offers the greatest advantage for reactions that
occur on a short time scale, that is, within a couple of hours.
For much slower reactions the cargo can be introduced
through classical incorporation with polyplexes/lipoplexes,
because in this case the uptake and cytosolic delivery would
happen on a smaller time scale than the actual reaction and
thus would not interfere with the reaction kinetics. We want to
emphasize in particular the possibility to release different
cargos independently at designated time points within the
same cell. One could think of releasing different mRNA
molecules at different time points and record interactions of
expressed proteins. Thus we believe that the methodology
described herein already offers a great potential for numerous
in vitro applications. In vivo applications would face further
challenges. Even though capsules have been successfully used
for vaccination purposes,®"*! other in vivo applications have
to cope with targeting, clearance of capsules by the immune
system, and long-term cytotoxic effects. Another issue is that
visible light is strongly absorbed by tissue. Even when NIR
light in the “biologically friendly window” of the electro-
magnetic spectrum is used,’** homogeneous illumination of
capsules in tissue is a challenge. However, optical excitation
of plasmonic NPs could be replaced by radiofrequency
excitation of magnetic NPs.’>¥ Modern set-ups for mag-
netic-resonance imaging (MRI) already allow to follow
individual cells invivo. Sequential opening of different
capsules might be even feasible by employing magnetic NPs
of different resonance frequencies and different radiofre-
quency ranges, which in the future may facilitate externally
triggered release from capsules also in vivo.

Experimental Section

Polyelectrolyte capsules loaded with different cargo molecules in the
inner cavity and magnetic and/or plasmonic nanoparticles within the
wall were synthesized according to procedures described in the
literature.'”-?2!) In the Supporting Information a detailed explan-
ation of the strategies used to encapsulate the different cargos has
been reported. mRNA was produced by in vitro transcription with
appropriate plasmids (P GEM4Z/EGFP/A64 or pBlue-Luc-A50 or
pCXCR4).®! They were first purified using a QIAquick PCR
purification kit (Qiagen) and linearized using restriction enzymes
(Dral for plasmid encoding firefly luciferase or SpeI for plasmid
encoding GFP or Xba I for plasmid encoding CXCR4). The mRNA
concentration was determined by measuring the absorbance at
260 nm. mRNA was stored in small aliquots at —80°C at a concen-
tration of 1 pguL~". Lipofectamine lipoplexes loaded with mRNA
encoding GFP (mGFP) protein were prepared by mixing Lipofect-
amine™ 2000 purchased from Invitrogen and mGFP in OptiMem
media as it was described.?”! The basic setup for microscopic
observation and experimental progress consisted of a wide-field
fluorescence microscope Axiovert200M from Zeiss. The microscope
was coupled with an 830 nm IR laser. The maximum light power
reaching the sample plane on top of the used 63 x /1.4 oil immersion
Plan-Apochromat objective was approximately 30 mW (continuous
output). The light energy is dispersed on an oval spot of about 6 pum?.
With a tunable power supply the output power of the laser can be
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varied smoothly from 0 to 30 mW effective light power on the sample
plane. Capsules were opened upon irradiation with laser intensities
between 2.5 and 3 mW um 2 during 1-2 seconds.
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