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A Synthetic Protocell-Based Heparin Scavenger

Qing Liu, Shuo Yang, Iris Seitz, Anna-Maria Makri Pistikou, Tom F. A. de Greef,*

and Mauri A. Kostiainen

Heparin is a commonly applied blood anticoagulant agent in clinical use.
After treatment, excess heparin needs to be removed to circumvent side
effects and recover the blood-clotting cascade. Most existing heparin anti-
dotes rely on direct heparin binding and complexation, yet selective compart-
mentalization and sequestration of heparin would be beneficial for safety and
efficiency. However, such systems have remained elusive. Herein, a semiper-
meable protein-based microcompartment (proteinosome) is loaded with a
highly positively charged chitosan derivative, which can induce electrostatics-
driven internalization of anionic guest molecules inside the compartment.
Chitosan-loaded proteinosomes are subsequently employed to capture
heparin, and an excellent heparin-scavenging performance is demonstrated
under physiologically relevant conditions. Both the highly positive scavenger
and the polyelectrolyte complex are confined and shielded by the protein
compartment in a time-dependent manner. Moreover, selective heparin-
scavenging behavior over serum albumin is realized through adjusting the
localized scavenger or surrounding salt concentrations at application-relevant
circumstances. In vitro studies reveal that the cytotoxicity of the cationic
scavenger and the produced polyelectrolyte complex is reduced by protocell
shielding. Therefore, the proteinosome-based systems may present a novel
polyelectrolyte-scavenging method for biomedical applications.

while caveolae-mediated endocytosis is
mainly responsible for the transport of
vesicular cargos.”) In many viruses, the
genetic material is recognized and pack-
aged during the protein capsid forma-
tion,*l and others may uptake noncognate
cargo after the formation of capsids. In
the latter case, openings in the protein
shell are required for the cargo trafficking,
and selected substrates can be targeted
through regulating the pore properties.!
Alternative to the pore engineering, the
interior surface of capsids can also be engi-
neered to control the substrate influx via
electrostatic or hydrophobic interactions.[l

Continuous efforts have been devoted
to elucidating the naturally occurring
internalization in an attempt to under-
stand this fundamental biological process
and eventually achieve biomedical goals.!
Artificial protocells prepared from poly-
mers (polymersomes),®l inorganic nano-
particles (colloidosomes),”) and protein—
polymer conjugates (proteinosomes)[%
have recently emerged as a robust study
model owing to their semipermeable

1. Introduction

Selective compartmentalization is a fundamental biological
function responsible for reaction cascading, substrate sorting,
and removal of toxic substances. In eukaryotes, this is realized
through specific uptake pathways that are mediated by the sig-
nals recognized on substrate targets.!! For instance, essential
nutrients are internalized via clathrin-mediated endocytosis

membrane structures. Incidentally, these artificial protocells
exhibit cell-mimicking behavior, i.e., spatial positioning,!
extracellular signal responsiveness!?l and predatory behavior.
In spite of their potential, the biomedical applications of such
protocells have been scarcely exploited.’!

Here, we investigated the potential of artificial proteino-
somes for heparin scavenging.”! Heparin is a widely used
anticoagulant agent in many clinical applications.' However,
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fast and complete removal of heparin is needed when the
blood-clotting cascade needs to be restored. More importantly,
excessive heparin use can induce severe side effects, such as
low blood platelet levels and heparin-induced thrombocyto-
penia.® Protamine sulfate (PS) has been serving as the only
clinically approved antidote for heparin for the past 80 years.!l
However, adverse effects provoked by PS and PS-heparin com-
plex rise general concern.'®l Therefore, various cationic alter-
natives such as (bio)polymers,l”) self-assembled systems,[®l
and engineered proteins!’®) have been utilized as alternative
heparin-scavengers, which take advantage of the highly anionic
nature of heparin and rely on electrostatic binding. Among the
proposed approaches, selective sequestration of heparin into
an environment-inert compartment attracts particular interest
since cationic heparin binders and the produced polyelectrolyte
complexes raise general safety issues.[101]

In this work, we prepared semipermeable and biocompatible
proteinosomes loaded with a highly positively charged chitosan
derivative. Its heparin-scavenging ability was found to be com-
parable to PS under application-relevant conditions (PBS: 10 m
phosphate buffer, 150 m NaCl, pH 75), and selective heparin-
scavenging performance was achieved through adjusting the
local scavenger or the surrounding salt concentrations. There-
fore, such a compartmentalized system presents a general
method for the selective removal of polyelectrolytes in vitro and
in vivo.

2. Results and Discussion

To encapsulate chitosan, we employed proteinosomes, hollow
microcapsules based on cross-linked bovine serum albumin-
poly(N-isopropylacrylamide) ~ (BSA-PNIPA)  conjugates.[%20]
Depending on the cross-link density, the semipermeable
membrane has a molecular weight cutoff ranging from 40 to
80 kDa.?0l Therefore, chitosan with a molecular weight of
310-375 kDa was used to ensure an efficient confinement. The
biomass-derived chitosan was cationized with glycidyltrimeth-
ylammonium chloride, yielding the highly positively charged
derivative, N-[(2-hydroxy-3-trimethylammonium)propyl|chi-
tosan (HTCC).2Y Unfractionated heparin (M,: 6-30 kDa, mean
17-19 kDa) was utilized, and human serum albumin (HSA,
66.5 kDa) was used as a competitive molecule to mimic the
physiological environment because it is the most abundant pro-
tein in blood plasma.??l To visualize the internalization of guest
molecules and the morphology transformation within proteino-
somes, HTCC, heparin, and HSA were labeled with orthogonal
fluorescent dyes (green fluorescein (FITC) for HTCC, yellow
Rhodamine B for heparin, and red Cy5 for HSA). Nuclear mag-
netic resonance spectra and fluorescence spectroscopy veri-
fied the successful production of HTCC and the fluorescently
labeled materials (Figures S1-S3, Supporting Information).

In order to encapsulate HTTC, an aqueous solution con-
taining FITC-labeled HTCC and BSA-PNIPA conjugates was
mixed with oil, resulting in a Pickering emulsion where the
conjugates self-assembled at the interface while the hydrophilic
HTCC remained in the aqueous interior of the emulsion drop-
lets. The BSA on the interface was subsequently crosslinked
with  poly(ethylene  glycol)-bis(N-succinimidyl succinate),
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producing the desired HTCC-loaded proteinosomes after being
transferred into water by dialysis, as illustrated in Figure 1la.
Proteinosomes with two local HTCC concentrations were pre-
pared: 0.23 mg mL™ (PH1) and 0.77 mg mL™ (PH2). As can
be seen in Figure 1b,c and Figure S4 (Supporting Information),
under the bright field of confocal fluorescence microscopy
(CFM) proteinosomes with or without loading showed a typical
transparent lumen with a spherical structure.') When HTCC
was encapsulated, proteinosomes exhibited higher optical con-
trast than the empty ones. A green fluorescence emission dis-
persed throughout the cavity was observed, demonstrating the
successful encapsulation of HTCC. Proteinosomes had diame-
ters of 20-50 um, and increasing the local HTCC concentration
slightly enlarged the proteinosome size (Figure 1d). Zeta poten-
tial measurements results unveiled that the fluorescent labeling
had an insignificant impact on the zeta potential: plain HTCC,
heparin and HSA had values close to zero both before and
after labeling (Table S1, Supporting Information). The confine-
ment of HTCC into proteinosomes significantly enhanced the
measured cationic nature and increasing HTCC concentration
augmented the zeta potential: while the value was increased to
16.7 £ 1.3 mV for PH1, it was further increased to 26.7 + 1.6 mV
for PH2, which could be attributed to the increased local con-
centration of HTCC.

The heparin-scavenging ability of free HTCC was first eval-
uated with the methylene blue (MB)-displacement assay in
phosphate buffer (PB: 10 M, 5 m NaCl, pH 75).% As shown in
Figure le and Figure S5 (Supporting Information), bulk HTCC
showed an excellent heparin-scavenging performance, which
was similar to the clinical PS heparin antidote. A saturation
point was reached approximately at a mass ratio of 2 (scavenger/
heparin) for both scavengers, demonstrating the excellent hep-
arin-scavenging ability of HTCC.[?*l The heparin-binding perfor-
mance in PB was also demonstrated by dynamic light scattering
(DLS) measurements (Figure S6, Supporting Information).
Furthermore, an efficient heparin neutralization performance
under physiological-relevant conditions (PBS) was also revealed
by an application-specific anti-Xa assay and DLS measurements
(Figure 1e and Figures S7 and S8, Supporting Information).

In contrast to the instant heparin-capture by HTCC under
batch conditions, heparin was gradually absorbed by HTCC-
loaded proteinosomes, as demonstrated by the MB displace-
ment assay (Figure S9, Supporting Information). This indicates
that the electrostatically driven interaction between HTCC and
heparin was partially restricted, but not blocked, by the protein
membrane. Complete heparin-scavenging was achieved in 2 h,
and for both PH1 and PH2 a mass ratio of about 2.5 (HTCC/
heparin) at the saturation point was observed in PB, which
verified the heparin-scavenging ability of HTCC within pro-
teinosomes. The morphology of proteinosomes after the assay
was directly visualized under an optical microscope (insets in
Figure S9, Supporting Information). Compared to neat HTCC-
containing proteinosomes shown in Figure 1c and Figure S4
(Supporting Information), proteinosomes after heparin inter-
nalization exhibited high optical contrast, demonstrating the
formation of the polyelectrolyte complex in the cavity.'"?!l The
encapsulation of HTCC and the internalization of heparin into
a population of protocells were further confirmed by statistical
measurements using flow cytometry (Figure S10, Supporting

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 1. Preparation and characterization of HTCC-loaded proteinosomes. a) Schematic illustration of the preparation procedure and the sub-
sequent application in heparin scavenging. CFM images of b) empty proteinosomes and c) those containing HTCC (local HTCC concentration:
0.23 mg mL™) under bright field and FITC channel. Scale bar: 50 um. d) Size distribution of proteinosomes containing two local HTCC concentrations
(PH1: 0.23 mg mL™; PH2: 0.77 mg mL™) derived from optical microscope images (total numbers: PH1: 143; PH2: 163). Solid curves show Gaussian
fits. e) MB displacement assay and anti-Xa assay results of free HTCC at room temperature. Heparin concentration: 1.5 ug mL™ (0.3 IlU mL™") in MB
displacement assay and 0.04 [lU mL™ in anti-Xa assay. Inset indicates the calibration curve of anti-Xa assay. Measurements were performed using trip-

licate samples, and the averaged results with standard deviation are presented. All experiments were performed at room temperature.

Information). The fluorescence intensities of FITC in HTCC-
loaded proteinosomes were significantly higher compared to
empty proteinosomes and remained the same after heparin
internalization. In contrast, the HTCC-loaded proteinosomes
showed enhanced Rhodamine B fluorescence after heparin-
uptake, showcasing the successful encapsulation of HTCC and
the electrostatically driven internalization of heparin.

The heparin-scavenging ability of proteinosomes under
more physiologically relevant conditions (PBS) was evalu-
ated with anti-Xa assay and flow cytometry (Figure 2a,b and
Figure S11, Supporting Information). It was found that the pres-
ence of 150 M NaCl slowed down the heparin internalization
into PH1: a saturation point was reached after 3 h (Figure 2a).
This could be attributed to the screening effect of the high salt
concentration. However, the change imposed on PH2 was
small and a fast capture of heparin was observed (Figure 2b),
which is driven by the higher cation charge density inside PH2
(Table S1, Supporting Information). A high optical contrast was
also visualized after the anti-Xa assay within proteinosomes,
demonstrating the formation of polyelectrolyte complexes
(insets in Figure 2a,b). The flow cytometry analysis of PHI1
(Figure S11, Supporting Information) and PH2 (Figure 2c,d)
were similar to those at low salt conditions (Figure S10, Sup-
porting Information). The broad distribution of FITC and
Rhodamine B signals suggested the varied internal complexity
of different protocells.
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We also used CFM to visualize the real-time heparin-uptake
process. Independent incubation of PH1 or PH2 with heparin
under both conditions led to a distinguishable yellow fluores-
cence in proteinosomes, and the intensity was increased with
incubation time, demonstrating the gradual uptake of heparin
in proteinosomes (Figure 2e,f and Figures S12 and S13, Sup-
porting Information). Distinct complex distribution patterns
were observed within the two populations of proteinosomes:
while the polyelectrolyte complexes in PH1 were distributed
mainly along the interior surface, those in PH2 were homo-
geneously dispersed in the lumen, which may be attributed
to the different local concentrations of HTCC (Figure 2e—g).l"
Solution electrolyte concentration can also play a role in deter-
mining the distribution patterns by screening the interaction
between polyelectrolyte and protein membrane.'!' We also
performed a control experiment showing that empty proteino-
somes had a negligible uptake of heparin (Figure S14, Sup-
porting Information). Upon incubation with proteinosomes,
HSA (66.5 kDa) was also observed to traverse the membrane
barrier (cutoff ca. 65 kDa) and complex with HTCC in both
PH1 and PH2 under low-salt condition (Figure S15, Sup-
porting Information). In the presence of 150 M NaCl, how-
ever, the interaction between HTCC and HSA was attenu-
ated (Figure S16, Supporting Information), which could be
attributed to the screening effect of high concentrations
of salt.1%

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. Evaluation on the heparin-scavenging ability of HTCC-loaded protocells. The time-dependent heparin-scavenging ability of a) PH1 and
b) PH2 measured with anti-Xa assay in PBS. Measurements were performed using triplicate samples, and the averaged results with standard devia-
tion are presented. Insets indicated the corresponding optical images of proteinosomes after the assay. Scale bar: 50 pum. FACS plots of FITC and
Rhodamine B intensities in protocells (empty proteinosomes and PH2) showed the localization of ¢) FITC and d) Rhodamine B, demonstrating that
heparin could only be captured by HTCC-containing proteinosomes in PBS. e) CFM images of PH1 incubated with heparin-Rhodamine B at different
time points in PB. The increasing fluorescence intensity along the interior surface measured with CFM demonstrated the gradual uptake of heparin.
Scale bar: 50 um. f) Line profiles derived from CFM images of PH1 in e. g) The CFM images and the corresponding illustrative schemes showing the
shell-to—core transition within proteinosomes as the local HTCC concentration was increased in PB. Scale bar: 50 um. All experiments were performed

at room temperature.

The heparin-scavenging performance of HTCC-loaded pro-
teinosomes was then evaluated in the presence of HSA to
simulate the competitive guest uptake in vivo. When the local
HTCC concentration was low (PH1), only heparin was scav-
enged even at low salt concentration (Figure S17, Supporting
Information), which contrasted with the behavior when incu-
bated with HSA alone (Figure S15a, Supporting Information).
Increasing salt concentration showed a negligible impact on
the heparin-scavenging ability (Figure S18, Supporting Infor-
mation). Increasing the local HTCC concentration inside pro-
teinosomes (PH2) led to a synchronous fluorescence intensity
increase of Rhodamine B and Cy5 in proteinosomes, indicating
that both heparin and HSA were internalized simultaneously
(Figure 3a). Considering the zeta potential measurements, it
can be concluded that the low local HTCC concentration (PH1)
showed a weak attractive force to guest molecules, and hep-
arin was scavenged first because of the high charge density.*!
When the HTCC concentration was high (PH2), strong electro-
static interaction resulted in fast and simultaneous binding of
heparin and HSA, leading to an unbiased guest molecule inter-
nalization as illustrated in Figure 3a. In the presence of 150 M
NaCl, the binding between HTCC and guest molecules was
slowed down, and selective heparin-scavenging was achieved
due to its high anionic charge and multivalent electrostatic
binding with HTCC (Figure 3b).1?°l Therefore, together with the
results obtained from the MB-displacement assay, it can be con-
cluded that a selective internalization could be feasibly realized
via adjusting local scavenger concentration and/or the environ-
mental salt concentration.
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After confirming the heparin-scavenging ability, we evalu-
ated the biocompatibility of all heparin scavengers (HTCC,
FITC-labeled HTCC, PH1, PH2 and PS) with hemolytic assay
and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bro-
mide (MTT) dye assay (Figure 4). Hemolytic assay revealed
that all binders showed no detectable toxicity to red blood cells
(RBCs) up to 100 pg mL™ (Figure 4a). When incubated with
human dermal fibroblast (HDF) cells, HTCC and PS showed
no obvious influence, but 100 pg mL™! FITC-labeled HTCC
induced more than 50% cell death after 4 h (Figure 4b). After
encapsulation into proteinosomes, the toxicity of FITC-labeled
HTCC was largely reduced, and more than 75% of cells were
alive even after incubation with 100 g mL™ PH1, which could
be attributed to the shielding effect of the compartment. The
cells were also directly observed under the optical microscope
after the MTT assay (Figure 4c—e and Figure S19, Supporting
Information). Without proteinosomes, HDF cells covered most
of the well and displayed a typical stretched morphology. After
4 h incubation with proteinosomes, the cell coverage and mor-
phology were not affected with up to 10 g mL™! proteinosomes,
showing an excellent viability. Besides, spherical proteinosomes
were also identified, demonstrating the integrity of proteino-
somes in the cell-culture media.

3. Conclusion

In this work, we successfully utilized semipermeable proteino-
somes to load a highly positively charged chitosan derivative,

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 3. The time-dependent heparin-scavenging ability of PH2 in a) PB (5 m NaCl) and b) PBS (150 m NaCl) in the presence of HSA measured with
CFM (Top row: FITC channel; middle row: Rhodamine B channel; bottom row: Cy5 channel). Scale bar: 100 um. Images show that both heparin and
HSA could enter PH2 at a low salt concentration (5 mm NacCl), but no HSA was scavenged under physiologically relevant conditions (150 mm NaCl)
after longer incubation time, as depicted by the corresponding schematic presentation. All experiments were performed at room temperature.

HTCC, to reverse the anticoagulant agent, heparin. We found
that free HTCC exhibited an excellent heparin-scavenging
performance which was comparable to the clinically available
antidote, PS. Owing to the highly cationic nature of HTCC and
the semipermeable membrane of proteinosomes, the heparin-
scavenging ability was largely retained after the encapsulation,
and a time-dependent heparin-internalization was observed.
We also demonstrated that a selective heparin-scavenging
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ability over HSA could be realized via adjusting the local HTCC
concentration or the surrounding salt concentration. Moreover,
in vitro cell studies revealed excellent biocompatibility to RBCs
and HDFs. Future studies should investigate for example the
in vivo heparin-scavenging performance, immunocompatibility,
and coagulation function. In summary, we believe that confined
complexation presents a promising method for scavenging
target polyelectrolytes, such as nucleic acids, in biologically
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Figure 4. Biocompatibility evaluation of HTCC-loaded protocells measured with a) hemolysis assay and b) MTT assay. Measurements were performed
using triplicate samples, and the averaged results with standard deviation are presented. Optical microscopy images of HDF cells after MTT assay incu-
bated with c) PBS, d) PH1, and e) PH2. Final HTCC concentration: 11g mL™". Proteinosomes are indicated by green arrows in images. Scale bar: 50 um.
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relevant conditions. Moreover, the clearance of other elements
(e.g., heavy metal ions) can also be anticipated if appropriate
scavengers are docked within the proteinosomes.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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