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be observed by electron microscopy (EM).
Correlative light and electron microscopy
(CLEM) combine the strengths of both
techniques and contribute to a precise
localization of the nanocarriers in the
cell. Using fluorescent nanodiamonds,
for example, can serve as a fluorescent
marker[11,12] These markers have the advantage of being biocompatible and can be
easily modified to achieve a certain surface
functionalization.[13] CLEM preparation
ideally features a fluorophore with a stable
inherent fluorescence suitable for confocal laser scanning microscopy (cLSM)
which, in combination, has a contrasting
component suitable for transmission electron microscopy (TEM). Another approach is using inorganic,
fluorescent nanoparticles. Quantum dots are the commonly
used fluorescent markers for intracellular tracking, but they
are not as bright as NPLs for both one photon and two photon
excitation.[19] Moreover, due to their small size and spherical
shape it can be challenging to identify quantum dots—but
also the larger, rectangular NPLs—in a cellular environment
by TEM.[14,15] This might involve additional elemental analysis
(e.g., energy dispersive x-ray spectroscopy [EDS] or electron
energy loss spectroscopy [EELS]) to confirm the identity of the
quantum dots to ultimately locate the nanocarrier.[16–18]
Here, we develop a model system consisting of an organic
nanocapsule (NC) labeled with a fluorescent labeling system.
As fluorescent marker we utilize large (20–50 nm), rectangular
CdSe-CdZnS nanoplatelets (NPLs). We encapsulated these
NPLs into biocompatible NCs by a polyaddition reaction at the
droplet interface in an inverse miniemulsion. We used NCs
made of bovine serum albumin (BSA), crosslinked at the interface with toluene diisocyanate (TDI), forming a dense poly
meric shell.[6,7] The NPLs were added to the aqueous dispersed
phase during the miniemulsion process, leading to the encapsulation of the NPLs into the NCs. The key to success of the
NPL markers hinged on the protective coating on the NPLs.[19]
This coating makes NPLs both easy to disperse in aqueous
medium and protects the NPLs’ surface from major damage
during the encapsulation process, thus leading to high fluorescence after encapsulation. The potential toxicity of CdSe nanoparticles is not an issue at this stage. The fluorescent marker
can either be easily replaced or even omitted completely.
To follow the intracellular pathway of the protein NCs,
RAW264.7 macrophages were incubated with these NCs
followed by different techniques like flow cytometry, cLSM, and

This work analyzes the intracellular fate of protein-based nanocarriers along
their endolysosomal pathway by means of correlative light and electron
microscopy methods. To unambiguously identify the nanocarriers and their
degradation remnants in the cellular environment, they are labeled with
fluorescent, inorganic nanoplatelets. This allows tracking the nanocarriers on
their intracellular pathway by means of electron microscopy imaging. From the
present data, it is possible to identify different cell compartments in which the
nanocarriers are processed. Finally, three different terminal routes for the intracellular destiny of the nanocarriers are presented. These findings are important to reveal the degradation process of protein nanocapsules and contribute
to the understanding of the therapeutic success of an encapsulated drug.

1. Introduction
The use of nanocarriers for drug delivery is becoming increasingly popular in medical research.[1,2] Besides liposomes and
nanoparticles, which already find applications in clinics, core–
shell structures like NCs are also appropriate candidates for the
use as drug delivery platform.[3–6] Especially NCs made from
proteins have many advantages, such as their biodegradability,
high loading capacity with a combination of hydrophilic drugs
and low toxicity.[7,8] Due to their size, nanocarriers (NCs) can
permeate cells easily and therefore it is of great importance to
elucidate how the uptake and the further fate of the nanocarrier
in the cell occur.[9]
Nanocarriers are usually processed along the endolysosomal
pathway.[10] However, polymeric NCs, such as protein NCs,
are hard to track within this pathway since they cannot be
clearly identified: they require either fluorescent markers to be
observed by light microscopy (LM) or electron-dense markers to
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We used the miniemulsion method to synthesize protein
NCs made of BSA,[7] loaded with NPLs. We accomplished the
loading of the NPLs into biocompatible NCs by adding waterdispersible NPLs to the aqueous phase of a miniemulsion.
The number of NPLs per nanodroplet of the miniemulsion—
the precursor for the subsequent NCs—is assumed to follow
a Poisson distribution. Hence, we employed an excess of
NPLs per expected NC to achieve a labeling of all capsules
(exemplary calculation in Supporting Information, Table S1 and
Equation S1 in Supporting Information) with at least one NPL.
In addition, we synthesized a 1:1 ratio (NPLs:NCs) and NCs
without NPLs to uncover any changes of the capsule properties
due to excess NPLs.
After the NPLs have been evenly dispersed in the aqueous
phase, BSA was added followed by emulsification in
cyclohexane in the presence of the surfactant poly-((ethyleneco-butylene)-b-(ethylene oxide) (P(E/B)-b-EO)).[20] The final
step to obtain the BSA NCs is the addition of a crosslinker
TDI, which reacts in a polyaddition reaction at the droplet
interface and leads to a shell made of crosslinked BSA on the
water–cyclohexane interphase.
However, in order to use these NCs for biomedical applications, they need to be transferred to an aqueous phase (Figure 1A)
by replacing the cyclohexane with water. This is achieved by
redispersing the NCs in aqueous sodiumdodecylsulfate (SDS)
solution followed by evaporation of the cyclohexane.
We then analyzed the size distribution and hydrodynamic
radii. Three different NPL:NC ratios and one NC sample
without NPLs were synthesized and the size distribution was
measured in cyclohexane as well as in aqueous phase after
the transfer of the NCs from the organic to the water phase.
Furthermore, we analyzed the morphologies of the obtained
BSA NCs in cyclohexane (Figure 1C) and in water (Figure 1D)
by cryo-TEM. To check the suitability for cLEM measurements, we studied the photoluminescence of the BSA NCs with
different NPLs loadings in cyclohexane (Figure 1E) and
after redispersion to water (Figure 1F). The different relative
fluorescence intensities can probably be attributed to two
different effects. First, we have seen that free NPLs are present in cyclohexane, which are removed upon transfer to water
(Figure 1C,E and Figure S3, Supporting Information). Second,
we must assume that the transfer of cyclohexane into water
is accompanied by a loss of NCs. Unfortunately, it is not yet
entirely clear to what extent these two effects contribute to the
observed shift in fluorescence intensities.
The average hydrodynamic radius (Rh) of the capsules
with the different NPL loadings in cyclohexane is 153 ± 9 nm
(Figure 1B), where the NCs without NPLs have the smallest Rh

(141 ± 83 nm), while NCs with the 1:10 ratio of NPLs revealed
the largest capsule Rh (163 ± 88 nm). These results point out,
that BSA NC formation is not significantly influenced by the
presence of NPLs. After transfer to the water phase we observed
a moderate increase of the capsule radii ranging from 172 nm
(without NPLs) to 218 nm (at a NC:NPL ratio of 1:1). The light
scattering results clearly show the similarity of the NCs at the
different NPL loadings with regards to size distribution. Zeta
potentials were negative for all NCs (Figure 1B).
Cryo-TEM images confirm the colloid nature of the BSA NCs
in both phases (Figure 1C,D and Figure S3, Supporting Information). In cyclohexane, the NCs appear like being deflated.
This observation may be due to the different expansion coefficients of water and cyclohexane under cryo conditions. In the
water phase, this effect is not that pronounced and the BSA
NC has a more spherical shape. After the transfer to the water
phase, each BSA NC contains at least one NPL (Figure S3D,
Supporting Information). The cryo-TEM micrographs further
illustrate how the visibility of NPLs depends on their orientation. Edge-on oriented NPLs show a very dark contrast and a
typical rod-like shape. However, if the NPLs are in a flat-on
orientation, they have a much weaker contrast in the TEM and
are therefore hard to see, especially if they are in an NC or in
a cellular environment. Leakage of NPLs from the BSA NCs is
not observed.
We analyzed the fluorescence intensity of the BSA NCs in
cyclohexane (Figure 1E) and in water (Figure 1F), revealing the
fluorescence emission maximum at 646 nm in both cases. A
reliable measurement of the absorption spectra of the encapsulated NPLs was not possible because the sample dispersion
was too turbid. However, a thorough photophysical characterization of the NPLs can be found elsewhere.[19] As expected,
the measured fluorescence intensity increases with increasing
NPL concentration. After transfer to water, the capsules were
again subjected to fluorescence intensity measurements, demonstrating similar fluorescence intensities for the 10:1 and the
5:1 ratio and a low fluorescence intensity for the 1:1 ratio. These
observations corroborate that excess NPLs, which were not
encapsulated, were removed during the water transfer process.
This observation is corroborated by the cryo-TEM images in
cyclohexane and in water (Figure S3, Supporting Information).
In addition, we confirmed successful loading of the NPLs to the
NCs by fluorescence quenching of fluorescein isothiocyanate
(FITC) attached to the capsule surface.[21] The fluorescence
quenching of the FITC increases with the number of encapsulated NPLs. This fluorescence quenching could suggest Förster
resonance energy transfer (FRET) to nearby NPLs. Here, the
NPLs act as acceptor and the FITC as donor. Previous studies of
FRET with NPLs[22,23] determined Förster radii of just a few nm,
indicating close proximity of the NPLs to the FITC attached to
the thin capsule shell (Figure S1, Supporting Information).
This indicates that the NPLs stay close to the capsule walls,
rather than freely disperse outside or inside the capsule, where
fluorescence quenching via FRET from the FITC to the NPLs
would be less likely. Another quenching mechanism, although
much weaker, could also be absorption of FITC emission by the
NPLs since their spectral overlap is high. In addition, we did
not observe NPLs in the supernatant of aqueous capsule dispersions, but the NPLs were always associated within the BSA
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electron microscopy. After incubation, the NCs were intracellularly localized revealing different terminal destinations along
the endolysosomal pathway involving early and late endosomes
and endolysosomes. This information about the intracellular
behavior of BSA nanocapsules is extremely important for
the development of new protein-based nanocarriers as drug
delivery systems.

2. Results and Discussion
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Figure 1. Characterization of BSA nanocapsules (NCs) loaded with different amounts of water-dispersible nanoplatelets (NPLs). A) Synthesis scheme
for the inverse miniemulsion: BSA and the NPLs were dispersed in the aqueous (blue) phase, the surfactant is dissolved in the cyclohexane phase
(light brown). After ultrasonication the miniemulsion is formed and the BSA is crosslinked at the droplet surface by adding TDI. Finally, the NCs are
redispersed to an aqueous phase. B) DLS distribution curves of NCs encapsulating different NPL ratios in cyclohexane. C) Multi-angle light scattering
measurements of the same NCs. Cryo-TEM image of a BSA NCs loaded with NPLs (5:1 ratio) D) in cyclohexane and E) in water. BSA NCs are indicated
by white arrows, the NPLs by black arrows. F) Fluorescence intensity measurements of BSA NCs encapsulating different NPLs ratios in cyclohexane
and G) after redispersion in water.

NCs. Based on these findings, we continued the cell experiments using freshly prepared BSA NCs adjusted at a 5:1 ratio.
In order to study the uptake behavior of the BSA NCs,
RAW264.7 macrophages were exposed to BSA NCs for 1 h
(Figure 2). The reason for the selection of macrophages is
their ability to take up almost any external material. We analyzed time-dependent cell uptake by cLSM. Cells were treated
with BSA NCs (75 µg mL−1, + FBS) and identified by means
of their fluorescence emission. We visualized lysosomal cell
compartments using LysoTracker Green (Figure 2A) and
correlated the measured fluorescence intensities to the BSA
NCs signal (Figure 2B,C). The LysoTracker Green DND-26
marker stains acidic compartments, thus marking endolysosomal membranes.
We observed a low amount of intracellular NPLs after
4 min of incubation time, with almost a linear increase in
uptake (Figure S2, Supporting Information) during the next
62 min for high (300 µg mL−1) and low (75 µg mL−1) loadings
(Figure 2A,B). The NCs were transported during that time from
the membrane into the cell where they gradually co-localize
with endosomes/lysosomes marked by LysoTracker Green.
Throughout the uptake process, microscopic observation
did not reveal any signs that might indicate cytotoxicity of the
NCs. The NPLs are used for experimental purposes only and
can simply be omitted in the application of the NCs. Hence,

these do not need to be subjected to a detailed examination
with regard to their cytotoxicity. But the use of the TDI as
a crosslinker could have a negative impact on the viability of
cells. However, in a very similar system using TDI crosslinked
ovalbumin capsules, no increased cytotoxicity was observed.[24]
Therefore, we can assume that the NCs used here are not cytotoxic and that all the TDI reacted off.
At the beginning of the incubation, there is almost no
co-localization of the NPLs with LysoTracker since they
were not yet transferred to the acidic compartments like late
endosomes/lysosomes. Within the first 30 min, the fraction
of NPLs that are found in late endosomes/lysosomes linearly
increases. Despite linear uptake of NPLs with time over 60 min,
we stopped live cell imaging to avoid phototoxicity having an
impact on the uptake process. The M2 co-localization coefficient levels off after about 50 min (Figure 2C). Considering a
continuous uptake of NCs, this leveling off can be interpreted
as a reduction of endosome maturation to lysosomes or may
indicate endosomal escape as NCs were continuously taken up
(Figure 2B). Moreover, TEM images are used to corroborate this
hypothesis.
To analyze NCs trafficking inside the cell, we incubated
RAW264.7 macrophages with BSA NCs loaded with waterdispersible NPLs (5:1) at a concentration of 300 µg mL−1.
We exposed the macrophages to the NCs for 2 h, to ensure

2106094 (3 of 8)

© 2022 The Authors. Small published by Wiley-VCH GmbH

Small 2022, 2106094

www.small-journal.com

www.advancedsciencenews.com

Figure 2. Cell uptake experiments of NPL loaded NCs (5:1) into RAW264.7 macrophages. A) Live cell imaging by confocal laser scanning microscopy
(cLSM) of macrophages stained with LysoTracker Green after the uptake of NCs (NPL displayed in red) at a concentration of 75 µg mL−1. B) Timedependent increase of detected fluorescence intensity of NPLs encapsulated in BSA NCs in RAW264.7 macrophages. C) Time-dependent correlation
of overlapping fluorescence signals obtained from the cLSM data (A) of the cell uptake of BSA NCs into macrophages determined by Manders (M2)
coefficient. The M2 coefficient shows the fraction of NPLs that co-localize with endosomes/lysosomes. It ranges between 0 and 1.

sufficient and continuous uptake, and washed them to stop
the uptake. Subsequently, they were allowed to ripe for another
24 h to allow processing of the NCs inside the cells (ripening
time).
We performed CLEM on 100 nm sections to precisely localize
intracellular BSA NCs in high resolution after being taken up.
Initially, an ultrathin section of the cells was imaged by cLSM
(Leica SP5, Germany) to obtain the fluorescence image of the
region of interest (ROI). Then, the same sections were observed
using a transmission electron microscope. Finally, the images
from cLSM and TEM of the same ROI were then registered
and overlaid to yield the correlative micrograph. It turns out
that the fluorescence of the NPLs was preserved and could
clearly be detected in cLSM even after the harsh electron micro
scopy preparation with osmium tetroxide, uranyl acetate, and

embedding in an epichlorohydrin derived epoxy resin (EPON)
as shown in the CLEM micrographs in Figure 3. It turns out
that the identification of the NPLs in a TEM micrographs is not
as simple as thought. The NPLs are barely visible in the TEM
image and could even be easily misidentified, as can be seen
well in Figure 3F,G. And as already mentioned for cryo-TEM
imaging, the visibility of a NPL in a TEM micrograph strongly
depends on its orientation and the cellular surrounding makes
identification even worse. However, one can identify the NPLs
quite well by their crystallinity, as shown in Figure 4. Here,
we used a scanning-TEM (STEM) approach which acquires a
diffraction pattern at each pixel of an image, yielding a 4D
dataset. With a diffraction pattern at each point it is possible
to reconstruct a virtual dark field image using an arbitrary geo
metry of the detector area. Here, we used an annular dark field
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Figure 3. CLEM micrograph of BSA NCs containing NPLs (5:1) in RAW264.7 macrophages after 2 h uptake + 24 h ripening (300 µg mL−1). A) Electron
microscopy micrograph of one macrophage with internalized BSA NCs. B) Fluorescence microscopy micrograph of the same macrophage in (A).
C) CLEM overlay of (A) and (B). D,E) Zoomed-in area of (C) showing BSA NCs in an enlarged vesicle and a late endosome. F,G) Enlargement of the
indicated areas in (D) and (E). Only at these magnifications can the NPLs be seen in the TEM BF micrographs (black arrows). However, identification
based on shape alone is neither very reliable nor effective, as can be seen in images (F) and (G). Scale bars: A–E: 2 µm, F,G: 500 nm.

geometry (inset in Figure 4) to reveal the position of any crystalline component. Although this method is very powerful, it
is not really suitable for the identification of NPLs because it
can only cover very small areas and acquisition is very time and
data intensive. An alternative for the diffraction-based localization would be to use the conventional dark field method as
demonstrated in Figures S10–S12, Supporting Information
or using annular dark field detectors in STEM mode
(Figures S13 and S14, Supporting Information). But all these
methods are not very effective in terms of throughput and so
it is problematic to effectively search a large area in TEM for
NPLs. The same is true for analytical methods such as EELS
or EDS. Here, the detection of the elements of the NPL in the
presence of the cellular environment, which contains, among
others, Os, U, and N, is particularly problematic. Accordingly,
the most efficient way to localize the BSA NC is via the NPL fluorescence by CLEM. So, in the following we will concentrate on
the morphological observations which ultimately converge into
an idea of how a RAW264.7 cell processes the recorded BSA NC.
We analyzed the uptake of the nanocapsules into a
macrophage in detail by TEM (Figure 3A) and fluorescence
microscopy (Figure 3B). Superimposing the EM (A) with the
fluorescence microscopy micrograph (B) yields the CLEM
micrograph (Figure 3C). The bright fluorescence from the
NPLs helps to unambiguously facilitate the localization of BSA
NCs in the cell. The NCs are distributed over the whole cell
except for the nucleus. We clearly localized different parts of
the macrophage exhibiting accumulations of BSA NCs (D and
E) showing a high fluorescence intensity. Here, the electron

micrographs reveal irregular-shaped vesicles which are packed
with BSA NCs (Figure 3D) as well as late endosomes, in which
the structural identity of the NCs is no longer clearly recognizable
(Figure 3E). These findings indicate that the NCs are processed
by the cell in different manners: On the one hand there was a
high accumulation of NCs in irregularly shaped, large vesicles
(D) and on the other hand a degradation of the NCs (E). We captured the different processing mechanisms by varying the ripening
time of the BSA NCs inside the macrophages at 2 h uptake + 0 h
ripening time and 2 h uptake + 24 h ripening time. Based on our
findings, we can reconstruct the processing pathway and therefore
follow the track of the BSA NCs inside the cells (Figure 5).
Within the first 2 h of incubation, we observe the uptake of
BSA NCs into RAW264.7 (Figure 5A(i) and Figure S5, Supporting
Information). During this incubation phase, all events which take
place during the first 120 min interval of uptake can be observed.
During the incubation time we can also observe early endosomes
(EE) with NCs (Figure 5B(ii) and Figure S6, Supporting Information). These findings are consistent with the cLSM images
revealing that within 1 hour a co-localization of NPLs with
endolysosomal compartments occurred (Figure 2E). To enable further processing of the NCs in the cells, we performed a ripening
phase to complete the observation of the NCs’ processing. During
the 24 h ripening phase, we found BSA NCs in EE and also in
densely packed late endosomes (LE) (Figure 5(ii),(iii) and Figure S7,
Supporting Information). It is worth noting that these observations may change depending on the cell line. The integrity of the
BSA NCs was maintained at the early stage of endocytosis, while
they started to lose their integrity since the acidic environment
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Figure 4. CLEM and diffraction imaging of NPLs. A,B) CLEM micrographs indicating the location of the NPLs from cLSM measurements (red channel).
C) After cLSM measurements the area marked in green was examined using a 4D STEM approach. Each pixel of the indicated area contains a diffraction pattern. Because the NPLs are crystalline, they yield a typical diffraction pattern, as shown in the left inset of C. This diffraction was observed at
the position shown by the left arrow. The whole remaining area shows only an amorphous diffraction pattern as shown for instance by the right inset.
D) From the diffraction dataset it is possible to reconstruct a virtual dark field image by applying an individual mask to the diffraction data set, as
shown in the inset. The dark field finally reveals the position of crystalline objects, as indicated by the white arrow. This position of the NPL can then
be transferred to the E) STEM image and F) to the CLEM image. The blue dot (as indicated by the black arrow) represents the position of the NPL as
identified by the diffraction imaging. The size of blue dot in (F) has been enlarged to improve the visibility. Experimental conditions: BSA NCs containing
NPLs (5:1) in RAW264.7 macrophages after 10 min uptake (75 µg mL−1).

in endolysosomal compartments enables the conditional degradation of the NCs (Figure 5D(iii) and Figure S4A′, Supporting
Information).[25] Some LE were found to have fused with lysosomes forming endolysosomes (EL) (Figure 5E(iv) and Figure S8,
in Supporting Information) where the shape integrity of the NCs
was not observed anymore. The missing integrity is particularly
visible in images Figure 5D′, 4E. The respective fluorescence
overlays (Figure 5D,E) confirm that the endosomes contained
capsules with NPLs as the endosomes appear highly fluorescent.
These results indicate that the shell of the BSA NCs was impaired
within 24 h by enzymatic and acidic conditions in endolysosomal
compartments, which are normally revealing a dark contrast, like
lysosomes, in TEM micrographs.[26] These findings are supported
by previously reported observations of fully degradable proteinNCs enabling cargo release upon enzymatic cleavage leading to
CD86 upregulation of bone-marrow derived dendritic cells.[27]
Only at high concentrations (300 µg mL−1) we found enlarged
endosomes filled with NCs (Figure 5G/G′(vi) and Figure S8, Supporting Information) revealing the capsule integrity (Figure S4B′,
Supporting Information). We conclude from these findings that at
high capsule loadings, endosomal compartments fuse to enlarged
endosomes with a big storage capacity of the NCs. The maintained capsule integrity may be explained with the pH value in
the large endosomal vesicles. There, the pH is not sufficient to
degrade the capsules and NCs are hindered from moving further
along the pH gradient with increasing acidity. This observation
indicates a kind of blockade of the degradation pathway.
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In some cases, we observed NPLs in the cytosol (Figure 5F(v)).
Since no freely diffusing NPLs were found neither in TEM
images nor in the performed FRET experiments (Figure S1,
Supporting Information), this finding is concluded to be an
endosomal escape. This result is supported by the observation
that the shell of the NCs degraded during endolysosomal processing and therefore releasing NPLs upon ripening.

3. Conclusion
We demonstrated that NPL containing NCs were detected and
unambiguously localized in different endolysosomal compartments by CLEM. The encapsulation of the NPLs into biocompatible NCs was accomplished without disturbing the NC
formation and damaging the NPLs’ properties, obtaining a
stable dispersion with high fluorescence intensity. We were
able to adjust different NPL concentrations inside the NCs and
obtained reproducible size distributions. The bright fluorescent
signal in the cLSM examinations indicated that the NCs were
taken up and incorporated into the macrophages used for the
uptake experiments. From the CLEM data we could identify
the different cell compartments containing the NCs. In this
way, we could not only determine the timing of endolysosomal
co-localization, but also trace the NCs in each compartment.
We show that the NCs are processed at three different locations
upon the endolysosomal pathway: The NC shell was impaired
© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 5. Compilation of the intracellular fate of BSA NCs (1:5 loading ratio) by TEM micrographs. A) Uptake event (i) of BSA NCs in a cell captured
after 2 h incubation B) Uptake event (i) and early endosome (ii/EE) of BSA NCs captured after 2 h incubation. C) Early endocytosis of BSA NCs (ii)
and a late endosome (iii/LE) with BSA NCs after 2 h incubation + 24 h ripening. D) Late endosomes (LE) with BSA NCs visible after 2 h incubation +
24 h ripening. E) Degradation of BSA NCs in an endolysosome (iv/EL) after 2 h incubation + 24 h ripening F) Escaped NPLs (v) captured after 24 h
ripening. Ly: lysosome G) Enlarged endosome with BSA NCs at high concentration (300 µg/mL) after 2 h incubation + 24 h ripening D′, E′ and G′
correspond to the same respective EM images without fluorescence correlation. Scale bars: 500 nm.

in late endosomes, indicating degradation, the NCs were stored
in large endosomes at high capsule concentrations revealing an
intact shell, and we observed an endolysosomal escape which is
crucial for the successful delivery of a potential drug encapsulated inside the BSA NCs. The findings are very important for
future research on cell uptake mechanisms and may reveal the
metabolic pathway of an encapsulated drug.
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