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Abstract: The physico-chemical properties of colloidal par-
ticles determine their uptake into cells. For a series of micro-
particles only one parameter, the mechanical stiffness, was
varied, whereas other parameters such as size, shape, and
charge were kept constant. The uptake was monitored in situ by
analyzing individual particle trajectories including the progress
of endocytosis, derived from local pH measurements around
each particle. Evidence is presented that soft particles with low
stiffness are transported faster to lysosomes than stiffer ones.

The number of applications based on the interaction of
colloids with cells has been increasing steadily over the past
few years, mostly for sensing- or delivery-based applications.
As most of the approaches require particle internalization,
cellular uptake mechanisms have been heavily studied.[1]

Unfortunately, the ultimate goal, to entirely correlate the
uptake process with the physico-chemical particle properties,
is not trivial, in particular as many of these properties are
interrelated.[2] Thus, it is extremely challenging to obtain
consistent studies, in which only one particular parameter of
the particles is varied, while all other properties are held
constant. Properties that have been studied systematically
comprise particle size,[3] shape,[4] and charge.[5] While size,
shape, and charge are the “standard” well-investigated
parameters influencing in vitro particle incorporation by
cells, there are many additional well-defined physical proper-
ties, for instance particle stiffness, which might also play an
important role. Dependent on their stiffness, hollow micro-
particles are compressed and deformed upon cellular inter-
nalization.[6, 7] Based on theoretical considerations Yi et al.
claimed that cellular processing of deformable particles might
be different to that of stiffer counterparts, because these
particles are less prone to membrane wrapping.[8] Hydrogel-
based nanoparticles with a Young�s modulus between 30 and
140 kPa were found to be internalized more efficiently by

RAW 264.7 macrophages than softer (< 30 kPa) or stiffer
(> 140 kPa) nanoparticles.[9] Liu et al. reported that the
uptake rate of flexible micron-sized hydrogel particles (15–
35 kPa) was higher than that of less elastic ones (75–160 kPa)
by HepG2 cells.[10]

Polymer capsules, for example, hollow microparticles
synthesized by layer-by-layer (LbL) assembly of oppositely
charged polyelectrolytes,[11] are a well-suited model system
for systematic investigations, since their various physico-
chemical properties can be tuned independently.[12] Size[13]

and shape[14] can be varied by using different template cores,
and the sign of the surface charge is simply determined by the
charge of the outermost layer. Stiffness can be tuned by
variation of the number of polymer layers or by the polymer
materials used.[15, 16] Thus, polyelectrolyte capsules are a con-
venient particle system to investigate stiffness-dependent in
vitro uptake by cells, in a way such that particle size, shape,
charge, and surface chemistry remain constant, while stiffness
is varied. Most important, with this system it is possible to
change exclusively one parameter, whereby the outer surface
remains the same, and physicochemical parameters other
than stiffness are fully maintained.

Upon internalization, capsules (i.e. particles) are taken up
via endocytic processes and are transferred from the neutral
extracellular medium to increasingly acidic intracellular
vesicles of different maturity, and finally end up in the
lysosome.[17] The local pH around each particle can be used as
readout that describes its present stage of uptake. For this
purpose particles can be loaded with pH-sensitive fluoro-
phores such as fluorescein-based dyes[18, 19] and seminaphtha-
rhodafluor (SNARF),[19, 20] which allow for the time-resolved
detection of the local pH around the capsules in extra- and
intracellular environments.[6, 20, 21]

Based on LbL assembly[11] around sacrificial CaCO3

template cores we synthesized pH-sensitive capsules with
a different number of layers to vary capsule stiffness with two
frequently used polymer systems (nondegradable polymers:
poly(sodium 4-styrenesulfonate) (PSS) and poly(allylamine
hydrochloride) (PAH); degradable polymers: dextran sulfate
sodium salt (DextS) and poly-l-arginine hydrochloride
(PLArg);[17,22] cf. Figure 1a). Two batches of template cores
with resulting diameters of 4.1 mm (size “S”) and 4.7 mm (size
“L”) were used. The pH sensitivity was achieved by embed-
ding SNARF-1[19, 20]-labeled dextran into the cavity of the
capsules. Response curves relating the ratio of red (Ir ; 615–
700 nm) to yellow (Ig; 560–615 nm, shown in green) fluores-
cence Ir/Ig(pH) were obtained for each type of capsule
(Figure 1b). With this setup changes in pH could be
monitored down to values around 4.5. However, SNARF-1
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embedded in biodegradable DextS/PLArg capsules was
slightly less sensitive at lower pH values.

The stiffness of the capsules in solution was determined by
atomic force microscopy (AFM) for each type of capsule[16]

(Figure 1c). As expected, the stiffness of the capsules
increased with the number of polyelectrolyte layers. Presum-
ably this is a direct consequence of the shell thickness, which
increases with the number of polyelectrolyte layers. In
particular, in case of the DextS/PLArg capsules there were
batch-to-batch variations of the absolute stiffness values (cf.
the Supporting Information (SI), Figure SI-5).

The uptake process was monitored in different adherent
cells (cell lines as well as primary cells). Upon internalization,
the local environment of the capsules changed from neutral
(cell medium) to strongly acidic (lysosome), which can be
seen by the ratiometric readout of the pH-sensitive fluoro-
phores embedded in the capsules[20,21] (Figure 2a). First
(image A), each capsule is located in neutral/slightly alkaline
cell medium, thus leading to high, constant Ir/Ig values. At one
point in time, here defined as tC, the particle touches the cell
surface (image B) and then it moves along the outer plasma
membrane, as visible by the red emission which demonstrates
extracellular location. It is then engulfed by the cell, as
visualized by the change in fluorescence, and subsequently
passed to more and more acidic compartments (images C and
D), until at one point the pH seems to remain constant. At
this point (image E) the capsule reaches its final destination,
the lysosome.[17] If the pH decreases below 4.5 changes to an

even more acidic environment are no longer observable due
to the limited sensitivity of the pH indicator used (Figure 1b).
Figure 2b shows that the pathway of uptake is not necessarily
continuous, as can be seen by the jump of the pH values along
the trace in image D at t = 525 min. We speculate that at this
point in time the capsule-containing vesicular compartment
may have fused with a vesicle of potentially much lower pH.
(A correlation of fusion events of acidic vesicles with the pH
values of the capsule-containing compartment can be found in
Figure SI-16.) In order to derive quantitative data from the Ir/
Ig(t) traces we define tA as the acidification time and tP10%/tP50%

as the processing time. The processing time is the duration
from the first contact tC (membrane attachment) of the
capsule with the cell, following its incorporation and finally
partial acidification (10 % or 50 %). The acidification time
describes the duration of acidification from high to low pH
following the sigmoidally shaped time-dependent (Ir/Ig)(t)
curve (Figure 2b, for more details see Figure SI-9).

The uptake of microcapsules can differ significantly
between different cell types and capsule materials.[6, 17] In
most previous studies research focused on quantifying the
amount of incorporated capsules versus time, while in this
work the acidification and processing time of individual
capsules was quantified during uptake. Whereas PSS/PAH
and DextS/PLArg capsules are differently processed by cells
(nondegradable versus degradable),[22] both are internalized
in a similar way and are ultimately located in the lysosomes.[17]

It has to be noted that the acidification time and processing
time, tA and tP50%, respectively, depend on the cell line used

Figure 1. a) Sketch of one polyelectrolyte capsule, which comprises
Nbi = 2 bilayers, each composed out of one negatively charged (PE�
(purple), PSS, or DextS) and one positively charged (PE+ (light blue),
PAH, or PLArg) polyelectrolyte layer. Due to the positively charged
outermost layer the whole particle is positively charged (cf. Figure SI-
7). pH-sensitive fluorophores SNARF-1 conjugated to dextran are
located inside the cavity. b) The red-to-green ratio (false colors) of the
fluorescence signal Ir/Ig from the capsule cavity depends on the local
pH around each capsule. Response curves are shown for capsules of
2–16 bilayers (bl) of size “S” (green: DextS/PLArg, blue: PSS/PAH)
and are normalized to pH 7.4 (cell media). The solid lines (labeled
“Avg”) show the average response curves for both types. The insets
(scale bar: 2 mm) show fluorescence microscopy images of capsules at
neutral (red fluorescence) and acidic pH (green fluorescence). c) The
dependence of the mechanical stiffness g for the different capsules
(d�4.1 mm, size “S”) as determined by AFM is plotted versus on the
number of bilayers Nbi making up the capsule shell. The dashed lines
are guides to the eye only.

Figure 2. a) Typical timelapse recording of one PSS/PAH capsule
(Nbi = 8, size “L”) during its uptake by a HeLa cell. The images (overlay
of green and red fluorescence and the brightfield micrograph) recorded
at a temporal resolution of 120 s are used to determine the trajectory
of the capsule (scale bar: 5 mm). b) The ratio of red-to-green fluores-
cence Ir/Ig of the capsule has been determined for each image and is
plotted versus the incubation time t. The time points corresponding to
the images in (a) are labeled A–F. A ratio of Ir/Ig�2.5 corresponds to
a pH 7.4, while Ir/Ig�1 corresponds to local pH<4.5 (Figure 1b). The
acidification time tA reflects the duration of the acidification process
while the processing time tP10% is determined as the period from the
first contact of the capsule with the cell (B, high velocity) until the
beginning of the acidification process (red area) and tP50% as the
period until the point of inflection of the readout curve (D).
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(see Figure SI-14). There is also a significant difference
between the capsule types (PSS/PAH versus DextS/PLArg,
and batch “S” versus “L”) regarding tA, while the values for
tP50% are comparable for both materials. The differences are
more distinct for HeLa cells than for phagocytes such as
monocyte-derived macrophages (MDM) and monocyte-
derived dendritic cells (MDDC), which are known for rapid
phagocytosis of micron-sized particles.

In the following we focused on HeLa cells, in order to
probe for the dependence of uptake on the stiffness of the
capsules (as calibrated in Figure 1c). The data shown in
Figure 3a demonstrate that independent of the particle size of
the nondegradable PSS/PAH capsules the acidification time tA

increases linearly with capsule stiffness g, whereas for
degradable DextS/PLArg capsules there is no such depend-
ency. In other words, for the degradable capsules the
transition from neutral/slightly alkaline extracellular pH to
the highly acidic pH of lysosomes is faster. In comparison, for
the nondegradable capsules the duration of this process is
longer and in addition becomes even slower with increasing
capsule stiffness. The dwelling time for the capsules in the
cascade of intracellular vesicles during internalization thus
may be different for the two types of capsules. In contrast, the
processing time tP10% increases with the stiffness for both
capsules, for g< 5 N m�1 in a first approximation even linearly
(Figure 3b). Hence, tP10% is universally determined by g. The
acidification time only reflects the duration of the event
where the local pH of the particle-containing vesicle is
lowered, whereas the processing time also comprises the full
uptake process. This involves the duration of engulfment by

the cellular plasma membrane, pinching-off into an endocytic
vesicle, and subsequent processing to more acidic environ-
ments. While tA is fully derived from a sigmoidal fit to the
response function Ir/Ig(t), it is not biased. In contrast, the
processing time requires the determination of the time of first
contact tC with the cellular plasma membrane for each
capsule. Hence, this parameter is less robust, as tC is difficult
to determine accurately especially if the substrate is very
crowded and particles are passed between cells before they
are fully endocytosed. From our results we conclude that the
uptake itself and the subsequent endosomal trafficking is
strongly dependent on the stiffness of the particle, while
further processing and acidification is governed mainly by the
particle chemistry.

After contact with cells up to their internalization,
particles undergo a cascade in which the particle-containing
intracellular vesicles grow steadily in size, for example by
fusion with other (smaller) vesicles.[23] From a mechanistic
point of view one can regard this cascade as an intracellular
sorting mechanism. Particles are passed from one vesicle to
a subsequently larger one by fusion. Upon each fusion step
the pH is lowered, which has been observed by fluorescence
staining of acidic vesicles while the pH value around the
capsule is recorded (see Figure SI-16). In a simplified view
one can imagine that upon such sorting the stiffness plays
a decisive role. The more flexible the particle, the better it can
adopt its shape and allow evolution of vesicular containers.
Thus, less deformable, that is, stiffer particles that can follow
shape fluctuations to a lesser degree are more prone to delay
their processing within this cascade. The same has been
observed for particles that are agglomerated and therefore
less “flexible” towards well-dispersed particles.[23] Our data
clearly demonstrate that the transport of particles from the
outer cellular membrane to the lysosome is determined by the
mechanical properties of the particles, that is, by the stiffness
of the particles.

One might speculate that these findings could be recip-
rocal. This would lead to a situation in which cells with higher
deformability would be more efficient at incorporating
a given type of particle. For such an analysis the data shown
in Figure 3b would need to be related with the stiffness of
cells. It is clearly known from the literature that cell stiffness
can differ significantly for different cells types. For instance,
cancerous cells are softer than their noncancerous counter-
parts (MCF7 versus MCF10).[24] While measurements of cell
stiffness as obtained with optical tweezers indicate the global
stiffness of cells in suspension,[24] measurements with AFM
indicate the local stiffness of adherent cells.[25, 26] The softest
part of a cell is the nuclear region and the cell becomes stiffer
towards its exterior regions.[26] Concerning the cells as
investigated in this study, the following elastic moduli are
known from the literature: HeLa: (105� 17) kPa[27] and (13�
7) kPa,[28] A549: (12� 5) kPa,[29] MDM: (44� 9) kPa (podo-
some-containing regions) versus (8� 2) kPa (podosome-free
regions)[30] and HUVEC: (6� 5) kPa.[26] If we compare these
values with our data shown in Figure SI-15 no direct
correlation of processing times tP with the elastic moduli E
of cells can be concluded, which is likely because these values
cannot be compared directly to those from other studies. For

Figure 3. a) Acidification time tA and b) processing time tP10% of
PSS/PAH and DextS/PLArg capsules with variable number of bilayers
Nbi and different average diameters as recorded upon incubation with
HeLa cells. For each number of bilayers Nbi the stiffness g was taken
from Figure 1c and then tA and tP10% were plotted against g. Each data
point corresponds to the median tA or tP10% value including confidence
intervals (y axis) versus the mean stiffness g value �standard error
(x axis), as obtained from at least 80 capsules (time values) and 40
capsules (stiffness values). The dashed lines are guides to the eye
only. Please note that the large error bars in (b) for tP10% and DextS/
PLArg capsules (Nbi = 1, size “L”) result from the fact that these
capsules are extremely fragile and thus the determination of tC

(membrane attachment) is challenging.
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such data future AFM experiments would be required, in
which the elastic moduli are recorded under controlled
conditions.

Our study demonstrates how the cellular uptake of
particles indeed is controlled by basic physico-chemical
parameters such as low stiffness. A comprehensive picture
about such dependencies will make it possible to synthesize
particles with defined cellular interaction patterns. In addition
the introduced system might improve our understanding of
specific endocytic mechanisms related to lysosomal acidifica-
tion.

Experimental Section
Polyelectrolyte capsules composed out of different polymers (biode-
gradable/non-biodegradable) and having different stiffnesses
(adjusted by varying the number of adsorbed layers) loaded with
SNARF-1 were synthesized according to procedures described in the
literature.[17, 21, 22] Force spectroscopy measurements in aqueous solu-
tion were performed with a Nanowizard I device from JPK Instru-
ments. The capsule uptake by cells (HeLa, A549, MDM, MDDC, SH-
SY5Y, and HUVEC) was monitored by confocal laser scanning
microscopy (LSM Meta 510, Zeiss) with a temporal resolution of Dt<
2 min. Image processing and capsule tracking was performed with
Matlab (MathWorks). A detailed description can be found in the
Supporting Information.
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