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ABSTRACT: The immunocompability of polyelectrolyte capsules synthesized by
layer-by-layer deposition has been investigated. Capsules of different architecture
and composed of either non-degradable or biodegradable polymers, with either
positively or negatively charged outer surface, and with micrometer size, have been
used, and the capsule uptake by different cell lines has been studied and quantified.
Immunocompatibility studies were performed with peripheral blood mononuclear
cells (PBMCs). Data demonstrate that incubation with capsules, at concentrations
relevant for practical applications, did not result in a reduced viability of cells, as it
did not show an increased apoptosis. Presence of capsules also did not result in an
increased expression of TNF-α, as detected with antibody staining, as well as at
mRNA level. It also did not result in increased expression of IL-6, as detected at mRNA level. These results indicate that the
polyelectrolyte capsules used in this study are immunocompatible.

■ INTRODUCTION

Polyelectrolyte capsules assembled by the layer-by-layer
strategy1,2 are a universal carrier platform,3 and they can
integrate many functionalities in the cavity as well as in the
capsule walls.4−8 Capsules have been demonstrated to be
versatile tools for controlled delivery of proteins, enzymes, and
other molecules of biomedical interest,9 and they have also
been used for sensing applications,10 as reported in many
studies based on different cell lines. Capsules can be synthe-
sized from a large range of materials, allowing, for example,
tuning of degradability, by using different-sized template core
diameters ranging from a few nanometers up to micrometers,
and production can be scaled up.11 However, in vivo appli-
cations, which would be the first step toward future clinical use,
have so far only been reported in a limited amount of studies.
These in vivo works range from fundamental studies about the
uptake of capsules;12 delivery of pharmaceutical agents such
as antibiotics,13,14 antigens/vaccines,15−17 growth factors,18 or
chemotherapeutics;19,20 light-triggered release of anticancer
drugs21 or signaling molecules;22 photothermal heating;23

combinations of both;24 and imaging.25 While capsules for
intravenous administration should be small enough to avoid
blockade of blood vessels, size is less relevant, for example,
in vaccination.15,26 The size of polyelectrolyte capsules can be
tuned by the size of their template core and can be in the range
of a few tens of nanometers up to tens of micrometers. For
in vivo application, biocompatibility of the capsules is man-
datory. However, so far most studies in this direction have been
performed in vitro with cell lines. Cell lines, as primary
cultures,27 endocytose capsules,28 which, if they are composed
of biodegradable polymers, may be degraded inside lyso-
somes.29,30 Dependence of this uptake regarding charge,31

shape,32 stiffness,33 and formation of a protein corona31,34 has
been investigated. It has been reported that positively charged,
elongated, and soft capsules are more rapidly internalized than
negatively charged, flat, and stiff capsules. In cases where the
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density of capsules to which cells are exposed is as high as that
of sediment on top of cells, reduction in cell viability has been
observed.35 In general, capsules have been reported to be
potentially toxic in cases where toxic compounds are inte-
grated.35,36 However, if their shell is composed of nontoxic
polymers, in particular, biocompatible polymers, standard
viability test shows that the exposure of capsules to cells at
densities realistic for applications does not exhibit acute cell
damage.36−44 Capsules composed of multiple polyelectrolyte
layers may induce less toxicity than the individual polyelec-
trolytes.45 Highly cationic polyelectrolytes, which are in general
considered toxic, are upon the formation of capsules partly
complexed by anionic polyelectrolytes46 (even when they form
the outer surface), and this has been considered a reason for the
low toxicity of such positively charged capsules. However, most
of the toxicity studies reported in the literature have been
performed on the basis of simple viability assays. In vivo appli-
cations demand a more sophisticated test, such as assays on the
immunocompatibility of capsules.47 This report aims to shed
more light on the immunocompatibility of capsules. Assays were
carried out with peripheral blood mononuclear cells (PBMCs),
for which, upon exposure to capsules, their cytokine expression
was analyzed with antibody staining as well as at the mRNA level.

■ RESULTS AND DISCUSSION

Capsule Preparation and Characterization. Eight differ-
ent capsule samples were prepared. They were composed of
non-degradable or biodegradable polyelectrolytes, negatively
or positively charged, and with or without integrated semi-
naphtharhodafluor dye (SNARF-1). The diameter of all
capsules was around 3 μm, as determined by bright field
microscopy (cf. Supporting Information Figure SI−I.5.1 and
Table SI−I.5.1). The integration of SNARF-1 into the cavity of
the capsules did not significantly change the capsule diameter.
The presence of SNARF-1 could be verified by fluorescence
microscopy due to the change of fluorescence color from yellow
to red upon increasing the pH from acidic to alkaline condition
(cf. Supporting Information Figures SI−I.5.3 to SI−I.5.6).48
Transmission electron microscopy (TEM) images showed the
typical form of capsules collapsed under vacuum, which
indicated that the template cores were successfully dissolved
(cf. Figure SI−I.5.2). A sketch of the capsules and selected
images are presented in Figure 1. For further details about the

characterization we refer to the Supporting Information and
to previous publications.29 The pattern of adsorbed proteins
to the capsules (without integrated SNARF-1) was similar

(cf. Table SI−II.1.1). The most abundant protein detected was
alpha-2-HS-glycoprotein. We speculated that this protein,
known to form complexes with calcium and phosphate,49,50

may bind to residual fragments of CaCO3 template cores, which
have not entirely dissolved. While we clearly observe the for-
mation of a protein corona around the capsules, the differences
found within the types of capsules are not that significant, as
one would expect the different protein coronas to impregnate
different capsule interactions with cells. The full data sets cor-
responding to the characterization of protein corona are shown
in the Supporting Information.

Quantitative Uptake of Capsules by Different Cells.
Using SNARF-1 as pH indicator inside the capsules, inter-
nalized capsules (yellow fluorescence due to acidic pH in lyso-
somes) could be clearly distinguished from extracellular cap-
sules (red fluorescence in neutral cell medium) and thus the
number of internalized capsules per cells could be estimated
quantitatively (cf. Figures SI−III.2.1, SI−III.2.2, and Table
SI−III.3).28 The number of internalized capsules per cell was
visualized in the form of histograms (cf. Figures SI−III.3.1 to
SI−III.3.12), and cumulative distribution functions derived
from the histograms (cf. Figure 2). It is well-known that under
serum containing conditions differences in the uptake behavior
of capsules due to different physicochemical parameters such as
polarity of the surface charge are less pronounced as compared
to serum-free conditions.31 This is ascribed to the formation of
the protein corona, which “shields” the original surface chem-
istry. From the uptake study carried out here in serum-
containing media, several general tendencies could be observed,
and due to the variation of several key parameters (such as cell
line, incubation time, number of added capsules per cell,
degradability of the capsule shell, polarity of the capsule shell,
among others), a comprehensive data set could be obtained
(cf. Table SI−III.4.1 and Figures SI−III.4.2 to SI−III.4.6). First,
in basically all cases the addition of 10 capsules per cell as
compared to 5 capsules per cell resulted in more internalized
capsules (cf. Figure 2a). This showed that under these con-
ditions of uptake, saturation has not been reached. Second,
incubation of cells with capsules for 24 h instead of 12 h
resulted in more internalized capsules (cf. Figure 2b). The only
exceptions we found were related to some of the biodegradable
capsules. However, as those upon degradation lose their
integrity and shape the most likely explanation is that some of
the degraded capsules were not identified and thus are missing
in the number of counted capsules per cell. Third, surprisingly
the differences in charge-dependent uptake are moderate. Only
in the case of A549 cells was a general enhanced uptake for
positively versus negatively charged capsules found, whereas
for the other two cell types no clear tendency was found (cf.
Figure 2c). This is likely due to the formation of the protein
corona, which tends to cover changes in the original surface
chemistry. Fourth, for A549 cells more non-degradable than
degradable capsules were internalized, in contrast to the case of
MDMs, in which more degradable than non-degradable capsules
were found in cells. In the case of HeLa cells there was no
tendency to be observed (cf. Figure 2d). The raw data of this
analysis are provided in the Supporting Information. The data
demonstrate that uptake behavior for the different capsule types
in serum-containing media is relatively similar.

Simultaneous Multiparametric Flow Cytometry Anal-
ysis of Viability and Immune Response to Different
Stimuli. All the polyelectrolyte capsules were incubated with
hematological cell lines as models and peripheral blood

Figure 1. (a) Sketch of one polyelectrolyte capsule showing the layer-
by-layer assembly of the polyelectrolyte wall (gray) and the embedded
fluorophores (green). (b) TEM of one capsule of (DEXS/
PARG)4DEXS geometry; the scale bar indicates 1 μm. (c) Optical
bright field image of three capsules of (DEXS/PARG)4DEXS geometry.
From these images the diameter was determined to be 3.02 ± 0.24 μm.
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mononuclear cells (PBMCs). In all cases the phagocytic capa-
city, cytokine activation, and cytotoxicity were simultaneously
evaluated for all polyelectrolyte capsules by flow cytometry in
one single assay.
To evaluate the effect of exposure of hematopoietic cells to

the capsules, an MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl

tetrazolium bromide) assay was performed in two cell lines,
Jurkat and dTHP-1, used as models of T-lymphocytes and
monocytes, respectively (cf. Figure SI−IV.6). The obtained
results (cf. Figure 3) showed that capsules were highly bio-
compatible, as the average percentage of viable cells in all cases
was above 90% for both cell lines (more detailed information is

Figure 2. Cumulative probability plots p(N) for the different experiments obtained for the following parameters: cell line, incubation time, number
of added capsules per cell, degradability of the capsule shell, and polarity of the capsule shell. In each figure, only one parameter is highlighted by
color, whereas the traces for all the different parameters are shown in the same color. (a) 5 and 10 capsules added per cell plotted in red and green,
respectively. (b) 12 and 24 h incubation time plotted in red and green, respectively. (c) Negatively and positively charged capsules plotted in red and
green, respectively, for (c1) A549 cells and (c2) for HeLa and MDM cells. (d) Degradable versus nondegradable capsules plotted in red and green,
respectively, for (d1) A549 cells, (d2) HeLa cells, and (d3) MDM cells.
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reported in the Supporting Information). Moreover, the poly-
electrolyte capsules described in this study showed a similar
viability pattern to commercial control PS microbeads.
A similar pattern was observed for peripheral blood

monocyte, CD4+ and CD4- T cell populations (cf. Figure 4),
as no significant reduction of viability was observed in the cell
cultures in the absence of capsules and the inert nontoxic
polystyrene latex microspheres.51 Overall, these results suggest
that all four types of polyelectrolyte capsules show a high bio-
compatibility with hematopoietic cells.
For determination of the uptake/phagocytosis of the non-

fluorescent polyelectrolyte capsules by peripheral blood mono-
cytes, in flow cytometry assays, a gating strategy based on
the sideward scattering (SSC) characteristics of cells upon
phagocytosis was established with size-matched fluorescent beads.
Overall, a significant correlation was observed between the two
methods of analysis (R2 = 0.934, p < 0.01), as similar results were

obtained for both the 5 beads/cell (57.0 ± 0.8% phagocytosis
using the method for fluorescent beads (Figure SI−IV.4.2a) vs
52.5 ± 4.5% phagocytosis using the method for nonfluorescent
beads (Figure SI−IV.4.2c) and 10 beads/cell (77.3 ± 2.8% phago-
cytosis using the method for fluorescent beads (Figure SI−IV.4.2a)
vs 75.6 ± 2.6% phagocytosis using the method for non-
fluorescent beads (Figure SI−IV.4.2) conditions (details of all
assays are reported in Supporting Information). The summary
shown in Figure 5 indicates that this method can be used for
assessment of phagocytosis by monocytes.
Overall, all capsules studied were phagocytosed by mono-

cytes in a dosage-dependent manner, as it was confirmed by
previously reported assays. PS microspheres were significantly
more efficiently phagocytosed than the polyelectrolyte capsules,
even at high capsule per cell ratio (10 particles/cell). No differ-
ences were observed in the pattern of uptake for the non-
biodegradable PSS/PAH capsules, independently of the charge,

Figure 3. Effect of polyelectrolyte capsules on cell viability (V [%]) of (a) Jurkat and (b) dTHP-1 cells, PS microsphere capsules or polyelectrolyte
capsules, during 12 h, as determined by MTT assay. Data are presented as mean values ± standard deviation (SD) of 3 replicates. PS = polystyrene
latex, c/c = capsules per cell.

Figure 4. Effect of polyelectrolyte capsules on cell viability of (V [%]) of (a) monocytes, (b) CD4+, and (c) CD4- T cells. PBMCs were incubated
without (“Negative control”) PS microspheres or polyelectrolyte capsules, during 4 h, as determined by the lack of expression of annexin V. Values
represent the mean ± SD of two biological replicates tested in triplicate. PS = polystyrene latex, c/c = capsules per cell.
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similarly to the (DEXS/PARG)4 positively charged biodegrad-
able capsules. In contrast, the negatively charged non-degradable
(DEXS/PARG)4DEXS capsules at a ratio of 10 capsules/cell
were more efficiently phagocytosed than their positively
charged counterparts (60.4 ± 5.8% vs 34.5 ± 7.5% of cells
containing capsules). Considering that the protein corona
composition is known to influence the uptake of particles by
monocytes and macrophages,34 and that the charge difference
between these beads was associated with a different profile of
proteins present in protein corona, it could be speculated that
some of the distinct proteins could be facilitating phagocytosis
by monocytes. In line with this, the (DEXS/PARG)4DEXS
displayed complement C3 factor in their protein corona, which
was not present in their positively charged counterparts.
Considering that bovine and human complement C3 factor
share >70% homology (Source: Uniprot), that peripheral blood
monocytes express receptors for C3 factor (CR1 and CR3),

and that this opsonin is involved in the recognition and
phagocytosis of pathogens, it could be speculated that
recognition of the bovine C3 complement factor by monocyte
receptors could be involved in the increased uptake of these
capsules.
Overall, none of the tested capsules significantly influenced

the basal secretion of TNF-α (cf. Figure 6), one of the most
ubiquitous and earliest cytokines to be secreted,52 compared to
stimulus with LPS plus IFNγ, specifically for the monocytes or
PMA plus ionomycin also in T cells. Furthermore, the fre-
quency of TNF-α+ cells was systematically lower than the
control condition with PS beads, and no association with
the degree of cell death and/or phagocytosis was observed.
These results suggest that these polyelectrolyte capsules do not
elicit an immune response in a short culture (4 h) condition,
which would be in line with responses from other immu-
nologically inert materials (e.g., carbon nanotubes53). Never-
theless, further studies would be required to assess whether the
tested capsules would have an effect with a longer incubation
period, or whether they would have the ability to modulate
an ongoing immune response, similarly to what has been
previously reported for, e.g., carbon nanotubes.53

No substantial induction was observed via qPCR. Human
PBMCs were incubated with various capsules at 1 μg in
200 000 cells in 24 wells for 16 h. LPS was used as a positive
control and mock-treated cells as negative control. We found
that 16 h is optimum to observe induction of cytokines such as
IL-6 and TNF-α in human PBMCs.54,55 Total RNA was iso-
lated and transformed into cDNA as described. We have not
observed any substantial induction in IL-6, which is a general
marker for inflammation (cf. Figure 7) or in TNF-α (cf. Figure 8).
These mRNA levels are in good agreement with the protein levels
observed via flow cytometry.

Figure 5. Determination of phagocyte microparticles by monocytes,
assessed by multiparametric flow cytometry. PBMCs were incubated
without (“Negative control”) PS microspheres or polyelectrolyte
capsules, during 4 h. Values represent the mean ± SD of two biological
replicates tested in triplicate. P [%] = frequency of cells that
phagocytosed particles, PS = polystyrene latex, c/c = capsules per cell.

Figure 6. Determination of activated cells by phagocyte microparticles, assessed by multiparametric flow cytometry. PBMCs were incubated without
(“Negative control”) PS microspheres or polyelectrolyte capsules, during 4 h. Values represent the mean ± SD of two biological replicates tested in
triplicate. A [%] = frequency of activated cells that phagocytosed particles, PS = polystyrene latex, c/c = capsules per cell, LPS = lipopolysaccharide,
PMA = phorbol myristate acetate.
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In summary, the tested polyelectrolyte capsules (synthesized
by layer-by-layer deposition) are biocompatible, because the
uptake of capsules did not increase the expression of TNF-α
and IL-6, among others, in peripheral blood mononuclear
cells, in comparison with conventional antigen stimulus. As
another additional property, these capsules are easily taken up
at relevant concentration for practical applications in several
different cell lines. With these obtained results in mind, the
tested polyelectrolyte capsules should be suitable for bioappli-
cations in complex biological samples due to easily tested
uptake and immunocompatibility.

■ EXPERIMENTAL PROCEDURES
Synthesis and Characterization of Polyelectrolyte

Capsules. Four different types of capsules were synthesized
using CaCO3 template cores:56 (i) positively charged degrad-
able dextran sulfate/poly(L-arginine) capsules (DEXS/PARG)4
(4 refers to the number of bilayers), (ii) negatively charged
degradable dextran sulfate/poly(L-arginine) capsules (DEXS/
PARG)4DEXS, (iii) positively charged non-degradable poly-
(sodium 4-styrenesulfonate)/poly(allylamine hydrochloride)
capsules (PSS/PAH)4, and (iv) negatively charged non-degradable
poly(sodium 4-styrenesulfonate)/poly(allylamine hydrochlor-
ide) capsules (PSS/PAH)4PSS. Sketch of capsules are shown in
Figure 1. To monitor the internalization of capsules dextran
labeled with the pH sensitive fluorescent dye seminaphtharho-
dafluor (SNARF-1) was optionally integrated in the cavity of
the capsules, according to previously published protocols.33,44

The emission of SNARF-1 shifts from 580 nm in acidic media to
640 nm in alkaline media. Capsules were characterized by optical
microscopy and transmission electron microscopy. Details and
the full data set are given in the Supporting Information.

Protein Corona Formation. Capsules were incubated in
cell culture medium supplemented with 10% fetal bovine serum
(FBS). After several rinsing steps the proteins adherent to the
capsules were quantified by tandem mass spectrometry, accor-
ding to previously reported protocols.57 More detailed infor-
mation is reported in the Supporting Information.

Quantification of the Capsule Uptake by Different
Cell Lines. The human lung adenocarcinoma cell line
A549, the human cervical carcinoma cell line HeLa, and
human monocyte-derived macrophages (HMDM) as primary
cells58 were incubated with 5 or 10 capsules (in the case of
capsules containing SNARF-1) added per cell for 12 or 24 h in
cell medium supplemented with 10% serum. Then cells were
imaged by fluorescence microscopy, and at least for 50 different
cells for each sample the number of internalized capsules N was
counted, as reported already in previous studies.31,32,59 The
color of emission of SNARF-1 allowed for distinguishing between
internalized capsules (acidic environment) and capsules only
adherent to the outer cell membrane (neutral/slightly alkaline
environment).33,60,61 As a result a histogram of the frequency
f(N) that a cell has internalized N capsules could be plotted for
each sample and incubation condition. f(N) is normalized as
Σi = 0

∞ f(i) = 1. From the f(N) data the cumulative distribution
functions p(N) = Σi = 0

N f(i) were calculated, which describe
the probability that a cell contains N or fewer internalized
capsules.28,32

Immunocompatibility of the Capsules Was Assessed
by Flow Cytometry. Several flow cytometry assays were
finally combined in order to determine, simultaneously, cell
death (SI IV.6), phagocytosis (SI IV.4), and cytokine pro-
duction (SI IV.7) caused by the different capsules. This
phagocytosis−cell activation−cell death (PAD) assay has been
described in Patent EP16382317.2.62 Polystyrene latex (PS)
beads were used as a control. Immunophenotypic studies were
performed on PBMCs isolated from whole peripheral blood of
two healthy volunteers (SI IV.3). A total of 200 000 PBMCs
were cultured in RPMI-1640 medium supplemented with 10%
FBS and 40 μM TACE inhibitor in a 24-well plate, and they
were incubated with 5 and 10 capsules added per cell for 4 h.
Cells stimulated with PMA (10 ng/mL) plus ionomycin
(0.75 μg/mL) or LPS (100 ng/mL) plus IFNγ (10 ng/mL)
were used as positive controls of TNF-α production in periph-
eral blood T-cells and monocytes, respectively. Furthermore,
TACE inhibitor and brefeldin A (10 μg/mL) were used as
secretion blocking agents to reveal the levels of surface versus
surface plus cytoplasmic expression of TNF-α. After the incu-
bation period, cells were detached with a cell scraper and col-
lected by centrifugation. These cells were systematically stained
with the annexin-V pacific blue (PacB) (ImmunoStep, Salaman-
ca)/CD4 phycoerythrin (PE) (ImmunoStep, Salamanca. Clone
HP2/6)/CD45 peridinin chlorophyll protein (PerCP)-cyanin 5.5
(Cy5.5) (Becton Dickinson Biosciences, BD, San Jose/CA,
USA. Clone 2D1)/CD14 PE-cyanin 7 (Cy7) (BD, San Jose/
CA, USA. Clone RM052)/ TNF-α allophycocyanin (APC)
(BD, San Jose/CA, USA. Clone Mab11)/CD3 APC-H7 (BD,
San Jose/CA, USA. Clone SK7) combination of monoclonal
antibodies (MoAb) for 15 min at room temperature. Data
acquisition was performed in a FACSCanto II flow cytometer
(Becton Dickinson Biosciences, BD, San Jose/CA, USA) using

Figure 7. IL-6 mRNA levels relative to house keeping genes (mixture)
via TagMan. LPS was used as a positive control; control cells are
negative (basal level of IL-6) in nontreated PBMCs.

Figure 8. TNF-α mRNA levels relative to house keeping genes
(mixture) via TagMan. LPS was used as a positive control, Control
cells are negative (basal level of TNF-α) in nontreated PBMCs.
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the FACSDiva software (v 6.1, BD). For data analysis, the
Infinicyt software (Cytognos SL, Salamanca, Spain) was used.
Data analysis was performed in five steps. First, we selected the
cells of interest (white blood cells) and excluded cell debris and
cell aggregates, based on the expression of CD45 and light
dispersion characteristics (forward side scatter (FSC) and side-
ward side scatter (SSC)). Second, we identified and selected
the monocytes (CD14++/CD4+/CD3-/CD45+), the T-CD4+
lymphocytes (CD45++/CD3+/CD4+/CD14-), and the
T-CD4- lymphocytes (CD45++/CD3+/CD4-/CD14-) (cf.
Figure SI−IV.5.1). Third, we selected Annexin V-CFBlue
positive cells within each population corresponding to apo-
ptotic cells (cf. Figure SI−IV.6.1). Afterward, non-annexin
positive cells (corresponding to viable cells) were used for
determining TNF-α-APC positive cells (for measuring the
immune response) (cf. Figure SI−IV.7.1). The effect of the
stimulation in each cell population was assessed on unsti-
mulated samples as a control, and TNF-α production was based
on the percentage of positive cells, after subtracting the per-
centage of cells staining above the threshold for positivity in the
negative control. Finally, phagocytic cells were identified selecting
positive cells in the FITC channel (cf. Figure SI−IV.8.1) or, for
the nonfluorescent capsules, selected based on FSC and SSC
features (cf. Figure SI−IV.4.2). A detailed description of materials
and methods and validation of the strategy for phagocytosis
assessment are given in the Supporting Information.
Immunocompatibility of the Capsules Assessed by

Real-Time Polymerase Chain Reaction (qPCR) Analysis
in Human Peripheral Mononuclear Cells (PBMC). PBMCs
were obtained from healthy donors from Rabin Medical Center
(Petah Tikva, Israel) after obtaining institutional review board-
approved informed consent. To isolate low-density cells,
PBMCs were fractionated using Ficoll-Paque PLUS (GE
Healthcare, Life Sciences). Fractionated cells were used
immediately. PBMCs cells (60% confluence, 200 000 cells) in
24-well dishes were treated with 1 μg of each different type of
capsules for 16 h. Total RNA was isolated using EZ-RNA kit
(Biological Industries, Israel) and cDNA was generated with a
high capacity cDNA kit (Life Technologies, Carlsbad, CA,
USA) according to the manufacturers’ protocols. QPCR
was performed with TagMan of IL-6 and TNF-α on the
ABI StepOnePlus instrument (Life Technologies, Carlsbad,
CA, USA).
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