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A methodology to quantify the efficiency of the protein loading and in-vitro delivery for biodegradable capsules
with different architectures based on polyelectrolytes (dextran sulfate, poly-L-arginine and polyethylenimine)
and SiO, was developed. The capsules were loaded with model proteins such as ovalbumin and green fluorescent
protein (GFP), and the protein release profile inside cells (either macrophages or HeLa cells) after endocytosis
was analysed. Both, protein loading and release kinetics were evaluated by analysing confocal laser scanning
microscopy images using MatLab and CellProfiler software. Our results indicate that silica capsules showed the
most efficient release of proteins as cargo molecules within 48 h, as compared to their polymeric counterparts.

This developed method for the analysis of the intracellular cargo release kinetics from carrier structures could be
used in the future for a better control of drug release profiles.

1. Introduction

The design of appropriate materials is a key factor in the field of drug
delivery [1]. Free drugs often suffer from poor solubility and stability,
and may show unwanted toxicity and/or an inability to cross cell plasma
membranes [2,3]. In general, drugs can advantageously be associated
with nano- or microparticulate carriers, which may act not only as a
protective material, but also can orient their delivery [4]. Particle-based
carriers are in general endocytosed, which allows for transport of the
attached drugs into cells. However, inside cells the particles are in
general trapped inside intracellular vesicles such as endosomes and ly-
sosomes [5,6]. Apart from the problematics of having to leave these
vesicles in order to reach the cytosol (the so-called endosomal escape
dilemma), the drugs also need to be released from their particle carrier
at the site of action [7,8]. A proper drug release kinetics is required to
achieve an efficient treatment efficiency and a safety profile. Depending

* Corresponding authors.

on the size, shape, and surface properties, nano- and microparticles can
systematically circulate in the blood for a prolonged periods, accumu-
late in tumoral regions, and locally release drugs [9,10]. Depending on
the carrier nature, drug release can occur either in burst-like [11-13] or
in prolonged manner [14,15], which can be used to maximize the effi-
ciency of therapy. In some cases, drug release from nano- and micro-
particles should be slow enough in order to provide prolonged drug
action at necessary therapeutic concentrations. For instance, treatments
with antibiotics often require sustainable action over an increased
period of time (2-3 weeks) in the local injury area [16,17]. Therefore, an
appropriate drug release kinetics from nano- and microparticles is an
essential factor in their design and one important feature concerning the
therapeutic abilities and potential for clinical use.

There are a number of analytical techniques that allow to quantify
the amount of loaded and released cargo molecules from nano- and
microparticles. Particularly, High Performance Liquid Chromatography
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(HPLC) is capable to directly read the characteristic absorbance of
loaded compounds upon elution from a proper HPLC column [18].
However, this method is limited by its inability of real-time monitoring
of release from nano- and microparticles. Another approach to monitor
drug release kinetics is to load nano- and microparticles into dialysis
devices with a molecular weight cut-off larger than the size of the drug
molecules. Drug carriers are then continuously dialyzed into biological
fluids (e.g., phosphate-buffered saline, PBS) and the released drugs
diffuse through the dialysis membranes due to osmotic pressure. After-
wards, small volumes of dialysis solutions are analysed using fluores-
cence measurements, UV-vis absorption spectroscopy, or other
techniques to detect the released drug molecules [19]. As a drawback,
the sensitivity of dialysis approaches is a critical issue. Apart from
dialysis, released drug molecules can also be separated from the carrier
particles by centrifugation [20]. All above-mentioned approaches to
measure drug release kinetics from nano- and microcarriers act outside
cells, i.e. in the test tube [21]. The intracellular environment can how-
ever be significantly different and more complex than biological fluids in
the test tubes, which can modify the drug release profile from the
carriers.

Therefore, a good understanding of the intracellular nanoparticle
trafficking and kinetics is demanded for the efficient delivery of nano-
particles or carriers. Several approaches for the study of the kinetics of
the interaction between drug nanocarriers and cells have been reported
in the literature. This includes the monitoring of the intracellular release
and distribution of nanostructures [22].

In some cases, cargos can be delivered without using a carrier. This is
known as membrane disruption-mediated intracellular delivery [23]
and, for example, the analysis of the fluorescence of a fluorescent cargo
with increasing times can be used to study its intracellular release ki-
netics [24]. For the cases in which a carrier is required, strategies
involving the quantification of the particle number or dose inside the
cells with increasing times have been reported. For example, TEM has
been used to monitor the kinetics of the intracellular distribution of
surface-modified gold nanoparticles with time. This allows to distin-
guish between the cytoplasm and the organelles [25]. Additionally, and
depending on the cargo nature, its release from the carrier can also be
determined. This is the case of the intracellular RNA delivery from lipid
nanoparticles, which has been analysed by optical tracking of siRNAs
[26] or by considering the proteins produced via mRNA translation
[27,28]. For some particles, the quantification of the nanoparticle dose
with cell proliferation has also been determined [29].

Focusing on the delivery of cargo from appropriate carriers, alter-
native approaches to monitor in-vitro the release and the kinetics of the
released loaded cargo molecules (i.e., drugs) are thus required. In this
work, various biodegradable hollow microparticles (capsules) made of
SiO4 and different polymers were used as particulate carriers. Capsules
have been frequently used for the in-vitro delivery of different drugs and
biomolecules [15,30-32], such as proteins and gene material, and show
also some applications in-vivo [33], including the therapy of cancer
[34].

The capsules used in this study were loaded with fluorescent-labelled
proteins as cargo molecules in order to allow for fluorescence-based
estimation of their loading efficiency and their in-vitro protein release.
For this, a methodology for the loading and release evaluation based on
confocal laser scanning microscopy (CLSM) imaging and image pro-
cessing using the open source Matlab and CellProfiler software was
developed. The proposed analysis was also used to monitor the release
kinetics from different polymer capsules inside cells.

2. Materials and methods
2.1. Synthesis of capsules

Different types of biodegradable capsules loaded either with DQ-
ovalbumin (DQ-OVA) or with green fluorescent protein (GFP) were
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synthesized as reported elsewhere [35-37]. We used the following
polyelectrolytes: dextran sulfate (DEXS), poly-L-arginine (PARG), poly-
ethylenimine (PEI), poly(sodium 4-styrenesulfonate) (PSS), and poly
allylamine (PAH). The following capsule architectures were prepared:
(i) (DEXS/PARG)s3, (ii) (DEXS/PARG)4, (iii) (DEXS/PARG),/DEXS/PEl/
DEXS/PARG, (from here on, in order to facilitate the reading, we
assigned these PEI-based capsules a shorter name: (DEXS/PEI-or-
PARG)4), and (iv) SiOs/poly-L-arginine (SiO2/PARG). As control, (v)
non-biodegradable (PSS/PAH)4 were used [30,38]. All the capsule types
were characterized using scanning electron microscopy (SEM), scanning
transmission electron microscopy (STEM), and confocal laser scanning
microscopy (CLSM). The detailed protocols are described in the Sup-
plementary Data.

2.2. Stability and loading of the capsules

The spontaneous release (i.e., leaching) of DQ-OVA from DQ-OVA
loaded capsules was checked in full cell culture medium using CLSM
imaging during 48 h. The amount of remaining encapsulated fluorescent
DQ-OVA was estimated in terms of intensity of its fluorescence signal
using CLSM image processing. The detailed protocols are described in
the Supplementary Data.

2.3. Release studies outside and inside cells

To study the degradation-triggered DQ-OVA release, capsules of
different types were incubated in pronase-containing solution for
different time periods. The amount of the released DQ-OVA was ana-
lysed with a fluorimeter. In order to study the release profile of DQ-OVA
or GFP inside cells, capsules of different types were incubated with RAW
264.7 or HeLa cells and imaged with CLSM for 48 h. The CLSM images
were processed with the Matlab and CellProfiler software. The detailed
protocols are described in the Supplementary Data.

3. Results and discussion

The strategy of this study is presented in Scheme 1. Capsules
composed of different polymers (either synthetic or natural) and SiOs
and loaded with different proteins (either DQ-OVA or GFP) were syn-
thesized and characterized using confocal laser scanning microscopy
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Scheme 1. Schematic illustration of implemented steps of synthesis, charac-
terization, estimation of loading efficiency and release profiles of capsules in-
side and outside cells.
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(CLSM). The loading efficiency of the different capsules, the stability of
the obtained capsules in biological fluids, and the protein release outside
and inside cells within 48 h were estimated using CLSM images pro-
cessed with the Matlab and CellProfiler software.

3.1. Characterization and loading of capsules

The synthesis of the DQ-OVA loaded capsules with different archi-
tectures yielded micrometric sized capsules, as inferred from SEM/STEM
images (Fig. 1). SEM images collected for dried polyelectrolyte-based
capsule samples show collapsed structures. However, the different
CLSM images taken for capsule suspensions in water (Fig. 2 and Figs. S1
and S2) indicate that they are spherical. STEM images of SiO2/PARG
capsules demonstrate the formation of hollow spheres. Given the inor-
ganic nature of the capsule, they do not collapse when drying.

The fluorescence of the protein DQ-OVA was used to estimate the
loading efficiency in the capsules with different architectures and to
study the kinetics of the cargo release. DQ-OVA consists of the protein
ovalbumin labelled with the green dye BODIPY (excitation/emission at
Aexe./Mem. = 503/512 nm). The dye molecules are almost completely self-
quenched due to their close proximity and thus high density in the
protein. Intact DQ-OVA (i.e., as originally loaded into the capsules)
shows red fluorescence (Aexc/Aem. = 570/630 nm), which can be
attributed to the formation of dye dimers [39,40], as well as a low in-
tensity (due to quenching) green emission. This was used to for the
quantification of the drug (i.e., protein) encapsulation (Section 3.1) and
time-dependent leaching as well as the release due to capsule degrada-
tion in different solutions (Section 3.2). Proteins leached/released from
the capsules are subject to enzymatic degradation by cellular proteases.
Upon cleavage of DQ-OVA into peptide fragments, the self-quenching of
BODIPY is revoked, and its green fluorescence emission increases
[30,41,42]. This green fluorescence was used for the analysis of the
release profile (Section 3.3).

The efficiency of the DQ-OVA loading cavity was thus estimated by
determining the red fluorescence from the CLSM images of the capsule
interior, which was integrated along the whole area of the capsule
(Fig. 2). To do so, an aqueous suspension of capsules with different ar-
chitectures and loaded with DQ-OVA were observed with CLSM, and the
fluorescence in both, the red and green channels, as well as a trans-
mission image, were collected. To minimize bleaching, the acquisition
parameters were tuned to detect fluorescence at very low excitation
power. The estimation of the amount of the encapsulated protein was
obtained from the red fluorescence images by image analysis using

(DEXS/PARG);

(DEXS/PARG), (DEXS/PEI-or-PARG),

|

Fig. 1. Capsules characterization. Representative SEM images of (DEXS/
PARG)3, (DEXS/PARG),, (DEXS/PEI-or-PARG),, (PSS/PAH),, and STEM images
of SiO./PARG capsules. For SiO/PARG capsules the formation of hollow
spheres can be seen. The scale bars correspond to 5 pm.

Biomaterials Advances 139 (2022) 212966

Identification of capsules
- modified Hough transform

i M’V\ ot
5 [

10 15 20 25 kb
X [pum]

(et (x) — 1§°Y

xi€Ecapsule
E

— 20000

5 i

< 15000 1|

— i
8 10000 1

5 i

~ 5000 |

0° (DEXS/PARG); (DEXS/PEI-or-PARG), (PSS/PAH),
(DEXS/PARG), Si0,/PARG

Fig. 2. Capsules characterization. CLSM images of A. Red channel, B. Green
channel, C. Transmission channel, D. Identified capsules and example of fluo-
rescence profile I"*(x). The fluorescence profile is shown for 4th capsule. The
integrated red fluorescence within identified capsule is calculated as shown, by
integrating the background-corrected intensity over all pixel positions x; which
are inside the capsule. The methodology is illustrated for SiO,/PARG capsules.
E. Mean value over all analysed cells of the integrated red intensity for each
capsule architecture (Ifﬁ?). Note that the actual green intensity emission (B) is
much lower than the red emission (A), and the first has been highlighted for a
better visualization. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Matlab (Mathworks, USA). First, capsules were identified with a modi-
fied Hough transform [43,44], and a threshold intensity value for the red
fluorescence (Iffd) was manually defined to distinguish capsules from
the image background. The red intensity was then integrated over the
capsule area. The integrated intensity (Iir,el‘ti), which corresponds to the
sum of the fluorescence signal within a defined area (capsule), was
calculated. About 500 capsules of each composition were analysed. The
average value of the integrated intensities of all analysed capsules from
each composition was calculated.

Biodegradable capsules based on DEXS and PARG showed the
highest fluorescence, irrespective of the number of polyelectrolyte
layers, followed by the PEI-containing capsules, and by the non-
biodegradable (PSS/PAH), capsules. SiO2/PARG capsules showed the
lowest fluorescence, around 42% less than the capsules based on DEXS
and PARG. These numbers are indicators for the protein-loading effi-
ciency of each capsule architecture. Since all capsules were prepared
from the same CaCO3 cores loaded with DQ-OVA, even when the final
size of the polyelectrolyte-based capsules was slightly larger than the
one of the SiOy/PARG, these data suggest that polyelectrolyte-based
capsules have a higher encapsulation efficiency. Such observations
may be connected with the different nature of the capsule materials
(such as higher porosity of SiO,, involving that more protein cargo
might be lost during the washing processes).
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3.2. Stability and release studies in cell medium

The stability of the obtained capsules (i.e., retaining of the encap-
sulated proteins) with different architectures was checked in cell culture
medium. It is known that biological fluids are able to dissolve the shell of
biodegradable capsules, thus inducing the release of cargo molecules
[15]. The different types of capsules loaded with DQ-OVA and dispersed
in cell medium were observed under CLSM for different incubation times
(Fig. 3A, illustrated for the case of the SiO5/PARG capsules), and the
average value over all analysed capsules from the integrated intensity
(Ifﬁf) was continuously calculated over the time of incubation (48 h)
(Fig. 3B). Additionally, the average diameters of the capsules were
plotted versus the time of incubation in the cell medium (Fig. 3C), as
upon degradation the capsules are supposed to decrease in size. As
observed, both, the red fluorescence and the capsule diameters of the
polyelectrolyte-based capsules remained constant with time, whereas
the SiO2/PARG capsules lost a part of their fluorescence signal (around
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30%) until ca. 500 min of incubation time. A decrease in the mean size of
the SiOp/PARG capsules was also observed, with similar relative
changes. This loss of the fluorescence intensity signal can be also
observed in the CLSM images (Fig. 3A). These data indicate that the
degradation of SiOj-based capsules already starts in the cell culture
medium, and may be connected with the lower encapsulation efficiency
of such capsules (Section 3.1), when compared with their polymeric
counterparts.

Previous studies showed that such SiO,-based capsules degrade in
alkaline buffer solutions, with a higher release of cargo when compared
with cold water solutions (pH = 6.2), where almost no cargo release was
observed [31]. Moreover, different colloidal silica particles are known to
dissolve at alkaline pH values [45-47] and also in body fluids [48,49].
There is also degradation in acidic environment, though less than under
alkaline conditions.

In order to evaluate the DQ-OVA release efficiency in different
media, another biological fluid (the commercial reagent pronase) was
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Fig. 3. Stability and release study in cell medium. A. CLSM images of SiO,/PARG capsules (merged green and red fluorescence signals) incubated in cell culture
medium for different time periods. B. Mean red integrated fluorescence intensity from biodegradable DQ-OVA loaded capsules with different architectures with
increasing incubation times in cell medium at 37 °C and 5% COa. C. Evolution of the diameter d of biodegradable DQ-OVA loaded capsules with different archi-
tectures with increasing incubation times t in cell medium at 37 °C and 5% CO, as determined from the CLSM images. D. Green fluorescence intensity (recorded at
the fluorescence peak hep. = 512 nm; Aexe = 483 nm) of the released DQ-OVA from the same number of DQ-OVA loaded capsules with different architectures after
treatment with pronase for increasing times. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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applied. Pronase is a mixture of different proteases whose proteolytic
activity extends for a broad range of proteins, including ovalbumin
[30,50,51]. In our case pronase plays two different roles: on one hand, it
promotes the enzymatic degradation of the biodegradable capsule walls.
On the other hand, it also causes the enzymatic cleavage of DQ-OVA,
which as previously commented on, gives rise to the appearance of a
strong green fluorescence. In order to measure this, the different capsule
types were incubated with pronase for 48 h, and the green fluorescence
intensity of the released cargo (I8"*°") was measured with a fluorimeter
at different time points (Fig. 3D). The degradation of the biodegradable
capsule walls and the digestion of the DQ-OVA occurred after 4 h of
treatment with pronase at 37 °C. The increase of I18®" is faster with
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incubation time for the polyelectrolyte-based capsules, when compared
to SiOy/PARG. In fact, after 48 h of incubation with pronase, I8¢"
fluorescence associated with the released DQ-OVA increased about 50%
for the SiO2/PARG capsules, whereas it was almost doubled for the
(DEXS/PARG)4 capsules. As expected, the non-degradable (PSS/PAH),
capsules showed no cargo release and, therefore, the protein cargo
molecules had remained in the capsules cavity (i.e., the green fluores-
cence is almost completely quenched in Fig. 3D).

Comparing both biological fluids (cell culture medium and pronase),
it can be noted that pronase strongly affects both, biodegradable poly-
electrolyte- and silica-based capsules, inducing their degradation within
hours, with a faster cargo release for the polyelectrolyte-based capsules.

DQ-OVA (636 - 754 nm) DQ-OVA (497 - 550 nm)

‘median filtered,
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Fig. 4. DQ-OVA release within RAW 264.7 cells. A. transmission picture, B. fluorescence micrograph of nuclei stained with Hoechst 33342 (hexc = 405 nm, bandpass
filter (BP): 420-480 nm, “blue” channel), C. fluorescence micrograph of the “red” signal (“red” channel) coming from BODIPY FL dimers (Aexc = 488 nm, filter: BP
636-754 nm), D. fluorescence micrograph of the “green” signal (“green” channel) coming from BODIPY FL (Aeyc = 488 nm, filter: BP 497-550 nm). E. Example of the
calculation of fluorescence profiles I#°¢"(x) and I"*!(x) showing the green and red fluorescence originating from the (degraded) DQ-OVA within cells, respectively. F.
Quantification of the in-vitro release of DQ-OVA within RAW 264.7 cells from capsules with different architectures with increasing incubation times, provided in

terms of [&{ease. Here the mean value of I&sase as obtained from different cells is plotted. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)
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On the contrary, the cell culture medium only influenced the stability of
the SiO2/PARG capsules, and had almost no impact on (DEXS/PARG)s3,
(DEXS/PARG)4, (DEXS/PEI-or-PARG)4 capsules within 48 h.

3.3. In-vitro release of DQ-OVA

The release of encapsulated DQ-OVA after capsule endocytosis inside
cells was studied for all the synthesized capsules by collecting both, the
red and green fluorescence inside the cells at increasing times. CLSM
images were collected and processed with the MatLab and CellProfiler
software. At the beginning, cells were identified using the transmission
and the additional blue fluorescence channel, in which cell nuclei upon
Hoechst 33342 staining were imaged [52]. The red fluorescence was
associated with the non-degraded DQ-OVA, and thus with the DQ-OVA
remaining in the capsules. Release was defined as the integrated green
fluorescence non-colocalized with areas showing red fluorescence,
which was also normalized by the red area (which is considered to be
approximately proportional to the number of uptaken capsules for each
particular cell). The detailed procedure of image processing is described
in the Supplementary Data, Figs. S5, S6. Transmission and fluorescence
images of RAW 264.7 cells incubated with capsules used for the esti-
mation of the protein release are shown in Fig. 4A-D.

An example of the detailed procedure of the quantification of the DQ-
OVA release within one cell in shown in Fig. 4E. The image shows the
merged green and red fluorescence signals, which are distributed within
the cells. Cell #1 is an example of a cell where no release occurs, since
the “green” and “red” fluorescence signals overlap (see the corre-
sponding fluorescence profile shown in the right part of the image). In
this case (cell #1), the “green” fluorescence was not taken into account.
On the contrary, cell #3 is an example of a cell where the release of DQ-
OVA takes place, since the red and green fluorescence signals are no
longer colocalized. The fluorescence signal I&fease from the released
cargo was then calculated as the integral green fluorescence at parts of
the cell in which there was no red fluorescence above the background,
normalized to the red area of red fluorescence, as described in the
Supplementary Data, Fig. S7.

The evolution of I§frase inside RAW 264.7 cells that were incubated
with all types of DQ-OVA loaded capsules is shown in Figs. 4F and S8. As
I&:fease depends on the green fluorescence signal non-colocalized with the
red fluorescence signal that was integrated (summed) within each cell,
only the green fluorescence of released and thus degraded DQ-OVA is
measured. As I&fsase is normalized to the area of the red fluorescence
signal, which correlates to the number of internalized capsules, it is
normalized to the originally delivered amount of DQ-OVA upon endo-
cytosis. As expected, no changes in I§fese Were observed for the non-
biodegradable (PSS/PAH); capsules, which is consistent with the
absence of cargo release due to non-degradable capsules walls protect-
ing the encapsulated DQ-OVA from degradation. The biodegradable
capsules showed different release efficiencies, which can be attributed to
the different capsule architectures. A high release efficiency was
observed for the (DEXS/PEI-or-PARG); and SiOy/PARG capsules.
However, both capsules showed different release kinetics. The PEI-
containing capsules showed a faster release for times below 1000 min,
and from this time until 2500 min higher values of Ifijease Were observed
in the SiOg-based capsules. The slight decrease in the fluorescence in-
tensity observed for SiOy/PARG capsules at longer incubation times
might be associated with the partial exocytosis of the cleaved protein
fragments, or to a label dilution upon cell division [53]. Capsules based
on the biodegradable DEXS and PARG polymers showed less release
abilities. (DEXS/PARG)3 capsules demonstrated a more efficient release
of DQ-OVA possibly due to the thinner capsule walls and, therefore, a
faster degradation than the (DEXS/PARG)4 capsules. The revealed data
suggest that the release of DQ-OVA from SiO,-based capsules was more
efficient within 2500 min, compared with their polyelectrolyte-based
counterparts. These results indicate a more efficient in-vitro SiO, -
capsule degradation, which has been associated in the literature with the
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low density of silica and the hydrolysis of such shells, and with the
presence of CH30-PEG-SH on their surface [31]. It is also known that
silica can be dissolved in both biological [54] and controlled [55] en-
vironments, which is also in good agreement with our observations. The
presence of PEI in the polyelectrolyte-based capsules increases the
release capabilities, when compared with the other polyelectrolyte-
based capsules. This can be associated with the possible induction of
proton sponge effect by the cationic PEI that could eventually stimulate
release of proteins inside cells; however, one should mention also the
toxic side effects of PEI [56].

3.4. In-vitro release of GFP

Based on the obtained data, silica-based capsules demonstrated the
most efficient release. Therefore, these carriers were used also to deliver
GFP into cells. For this, the SiO2/PARG capsules were in addition to GFP
co-loaded with fluorescent dextran-Alexa Fluor 647 (AF 647), which
was used as a reference (Fig. S3). The diameter d of the obtained GFP-
loaded capsules was 4.24 + 0.48 pm, as derived from CLSM images.

Since the fluorescence of GFP is pH-dependent [57], the fluorescence
stability of GFP loaded SiO2/PARG capsules was first determined. The
fluorescence of the SiO2/PARG capsules loaded with GFP and AF 647
was measured and integrated at different pH values. It was observed that
the green emission of GFP almost disappeared at acidic pH (pH < 7), but
this loss of fluorescence was reversible, since the fluorescence was
recovered when dispersing the capsules again at slightly basic pH
(Fig. S9). Additionally, the suppression of the GFP fluorescence was
qualitatively checked using HeLa cells. GFP loaded SiO2/PARG capsules
were incubated with cells for 4 h and the fluorescence images were then
immediately collected with CLSM (Fig. S10). Given that polyelectrolyte
capsules are usually located after internalization in endo/lysosomal
compartments [58], which show an acid pH, capsules showed only red
fluorescence (AF 647) inside endo/lysosomes, whereas capsules outside
cells emitted merged green and red fluorescence, as the fluorescence of
AF 647 does not depend on pH.

In order to evaluate the release kinetics of GFP from SiO,/PARG
capsules, they were incubated with HeLa cells. The quantification of the
delivery from SiO2/PARG capsules loaded with GFP was carried out
from the fluorescence images detecting stained cell membranes (orange
channel), nuclei (blue channel), GFP (green channel), and dextran-AF
647 (red channel), collected at different time periods (Figs. S11, S12).
Note that upon capsule degradation and transient endosome/lysosome
opening (as proven in a previous study by a pH indicator [31]), part of
the encapsulated GFP is released into the cytosol, whereas the dextran-
AF 647 due to its high molecular weight remains inside the capsules. At
the beginning, cells were identified using the orange fluorescence
channel showing the stained cell membrane and the blue fluorescence
channel showing the stained cell nuclei. The red fluorescence of dextran-
AF 647 indicates the capsules. Release of GFP from the capsules into the
cytosol was defined as the integrated green fluorescence non-colocalized
with areas showing red fluorescence, which was also normalized by the
red area (which is considered to be approximately proportional to the
number of uptaken capsules for each particular cell). The detailed image
processing procedure is described in the Supplementary Data.

Cell #4 in Fig. 5E is an example of a cell without GFP release, because
the red and green fluorescence overlap. Thus, the fluorescence from GFP
within this cell was not taken into account. On the contrary, cell #7 in
the same figure is an example of a cell showing release of GFP out of the
capsules and the surrounding endosomes/lysosomes into the cytosol,
since the green fluorescence (GPF) and the red fluorescence (AF 647) are
no longer colocalized. The green signal which is non-colocalized with
the red signal is measured, integrated, normalized by the red area,
resulting in I&fease.

A release kinetics of GFP was observed, which is similar to the one of
the delivery of DQ-OVA with SiO/PARG capsules. The release is rela-
tively slow until ca. 500 min of incubation time, reaching a maximum
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Fig. 5. GFP release within the HeLa cells. A. fluorescence micrograph in the orange channel (Aexc = 543 nm, bandpass filter (BP) for recording the emission: 560-615
nm) showing cell membranes stained with Cell Mask Orange; B. fluorescence micrograph in the blue channel, showing cell nuclei stained with Hoechst 33342 (Aexc =
405 nm, filter: BP 420-480 nm); C. fluorescence micrograph of the “red” signal produced by the reference dye AF 647 (Aexc = 633 nm, long pass (LP) filter: 650 nm);

D. fluorescence micrograph of the “green” signal produced by GFP (Aexc = 488

nm, filter: BP 505-550 nm). E. Example of the calculation of fluorescence profiles

showing the green and red fluorescence along the indicated lines, originating from the GFP and dextran-AF 647 loaded capsules as endocytosed by HeLa cells. F.
Release of GFP within HeLa cells from capsules with different architectures over time. Here the mean value of I&jss. as obtained from different cells is plotted. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

efficiency at around 900 min of incubation. It is worth mentioning again
that after internalization capsules are usually located in endosomal/
lysosomal compartments of the cells [58]. These compartments contain
enzymes specialized in digesting nutrients, and have acidic environment
[42,59,60]. As discussed, the fluorescence of GFP is almost absent at
acidic pH values (Figs. S9, S10). Therefore, the green intracellular
fluorescence signal coming from proteins would occur due to the
following reason: silica-based carriers induce endosomal escape of the
delivered cargo [31], leading to translocation into the cytosol, which is
close to neutral pH. The location of the released molecules (here GFP)
from the SiO2/PARG capsules is supported by the fact that GFP fluo-
rescence is located now over the volume of the cell and no longer
restricted to the location of the capsules inside endosomes/lysosomes,
and that the pH change from acid (endosomes/lysosomes) to neutral
(cytosol) has been followed with released pH indicators [31,32]. The
presence of the capsule carriers and their hydrolyzation also may partly
increase the pH inside the endo/lysosomal compartments, which would
enhance the green fluorescence of GFP [61]. However, in this case the

GFP fluorescence would not spread throughout cells.
4. Conclusions

Protein delivery and release was carried out in-vitro with both,
polyelectrolyte- and SiO,-based micrometric capsules. The encapsula-
tion efficiency and the release kinetics inside and outside cells was
determined by processing CLSM images of capsules and cells within 48
h. Polyectrolyte-based capsules demonstrated a better encapsulation
efficiency. However, the more efficient release profile within 48 h was
observed for SiO2/PARG capsules, which might however be for the price
of increased potential toxicity [31,32]. This can be ascribed to a faster
degradation rate of silica-based capsules inside cells, as verified by the
performed stability studies. SiO2/PARG capsules were further applied to
deliver GFP into HeLa cells. Release was observed and quantified,
resulting in a similar kinetics as for the DQ-OVA loaded capsules.
Overall, the developed methodology of the release evaluation inside
cells is versatile in terms of used cells and fluorescence compounds, and
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allows for analysing and controlling the drug (here protein) release ki-
netics in order to optimize delivery.
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