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ABSTRACT: The design of compartmentalized carriers as artificial
cells is envisioned to be an efficient tool with potential applications in
the biomedical field. The advent of this area has witnessed the
assembly of functional, bioinspired systems attempting to tackle
challenges in cell mimicry by encapsulating multiple compartments
and performing controlled encapsulated enzymatic catalysis.
Although capsosomes, which consist of liposomes embedded within
a polymeric carrier capsule, are among the most advanced systems,
they are still amazingly simple in their functionality and cumbersome
in their assembly. We report on capsosomes by embedding liposomes
within a poly(dopamine) (PDA) carrier shell created in a solution-
based single-step procedure. We demonstrate for the first time the

potential of PDA-based capsosomes to act as artificial cell mimics by performing a two-enzyme coupled reaction in parallel with a
single-enzyme conversion by encapsulating three different enzymes into separated liposomal compartments. In the former case,
the enzyme uricase converts uric acid into hydrogen peroxide, CO, and allantoin, followed by the reaction of hydrogen peroxide
with the reagent Amplex Ultra Red in the presence of the enzyme horseradish peroxidase to generate the fluorescent product
resorufin. The paralle]l enzymatic catalysis employs the enzyme ascorbate oxidase to convert ascorbic acid into 2-L-

dehydroascorbic acid.
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B INTRODUCTION

The assembly of multicompartment systems with a structure
reminiscent of a biological cell is currently an emerging area of
research that aims to create simplified synthetic cells. Artificial
cells or synthetic cell mimics are envisioned to be an efficient
tool in biomedicine with potential applications in the fields of
drug delivery, (bio)sensing/diagnostics, or encapsulated (bio)-
catalysis."”> There is no life without compartmentalization, and
living cells developed this strategy to temporally and spatially
separate different cellular functions within specialized organ-
elles to, for instance, separate highly reactive conditions, like the
ones found in lysosomes and peroxisomes, which harm the rest
of the cell, or to avoid undesired cross-reactions. For artificial
cells mimic, the successful compartmentalization enables the
use of external triggers to start/stop reactions within specific
subunits or allows for the encapsulated enzymes and substrates
to reach higher concentrations locally.

In recent years, considerable progress has been made in the
design and assembly of single-compartment, functional,
bioinspired systems that tackle the challenge of mimicking
metabolism by performing encapsulated enzymatic reactions.
These systems range from liposomes®~> or polymersomes®” to
polymer-based capsules,® and have been extensively reviewed in
literature.”” However, for the advanced design of artificial cell
mimics, compartmentalization is essential, and few groups have
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succeeded in designing architectures containing several
subunits entrapped within a larger carrier. In general, while
subcompartments have the ability to protect fragile contents,
e.g., to prevent enzymes from misfolding or denaturation by
means of their sealed environment, the carrier supplies the
system with the required structural integrity and should allow
for the communication of the vehicle with the external milieu, a
key feature to perform continuous cascade/parallel (enzymatic)
reactions. Compartmentalized systems reported to date include
single-component assemblies, in which both the carrier vehicle
and the subcompartments are of the same nature, dual-
composition systems, in which the carrier vehicle and the
subcompartments are of different nature, and systems that
encapsulate two intrinsically different subcompartments. Single-
component assemblies are the most popular concept, and
examples are vesosomes (liposomes within a carrier lip-
osome),'”"" two-compartment micelles,"> polymer capsule(s)
within a polymer capsule,”>™'° polymersomes within a
polymersome,'®™ or particles with concentric compartments
fully made of biomolecules.** Dual-composition systems are far
less common and they employ polymer hydrogel capsules
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containing different subunits, i.e., polymersomes,24 cubo-
somes,” or liposomes. The latter case, termed capsosomes,%’27
is the only system reported to date that progressed to such an
extent that the encapsulation of two fundamentally different
types of subcompartments (liposomes and polymer capsules)
within the same carrier vessel was possible.”® Although the
building blocks of the reported multicompartment systems are
quite diverse, only few single-component systems have
demonstrated encapsulated enzymatic catalysis including lip-
osomes within liposomes,”® polymer capsule(s) within a
polymer capsule,®® and particles fully made of biomolecules.**
When dual-composition systems are considered, reported
functionality is even scarcer and, to the best of our knowledge,
capsosomes are a single example. We demonstrated that
capsosomes can be employed to preform triggered®"** and
continuous™ enzymatic conversions and a two-step enzymatic
catalytic reaction.”® We also demonstrated catalytic activity for
capsosomes encapsulating both liposomes and polymeric
capsules,®® and that the catalytic activity of capsosomes was
preserved for at least four subsequent cycles, ie., the
capsosomes could be reused.’” However, all these approaches
only employ the same enzyme encapsulated within the
liposomal subunits. Despite the success of capsosomes in
encapsulated biocatalysis or drug delivery,*>*° their function-
ality remains very simple and their assembly cumbersome. In
the latter case, although liposomes are easily prepared via self-
assembly, the fabrication of the polymer carrier capsule relies
on the labor-intensive sequential deposition of interacting
polymer pairs (the layer-by-layer (LbL) technique®”). There-
fore, assembly of the carrier through a single-step, solution-
based procedure would be highly beneficial.

Dopamine has received increasing attention due to its ability
to self-polymerize onto virtually any type of substrate
independent of material and shape forming poly(dopamine)
(PDA).***° Although the exact structure and the mechanism of
the PDA deposition first re4gorted by Lee et al,** has not been
fully elucidated yet,”*”*"** PDA-coatings have been consid-
ered for a wide range of applications. Among the biggest
advantages of LbL films is the possibility to fine-tune their
properties depending on the choice of the building blocks. With
the aim to develop PDA-based coatings with similar control-
lable diverse properties, dopamine has been conjugated to the
reactants prior to the film deposition,”*™*® or PDA has been
codeposited with polymers/biomolecules.*>*’™° Templated
PDA-based capsules have been assembled.”' > These capsules,
although having no inherent toxicity toward cells,>">> have
proven to entrap and release differently charged probing dyes at
different pH,>* and to efficiently encapsulate functional
components such as magnetic nanoparticles, fluorescent
quantum dots and a small antitumor compound.>® The PDA-
based capsules’ potential as drug delivery vehicles by
conjugating the antitumor drug doxorubicin to their surface
making use of the chemical reactivity of PDA films toward
thiols and amines, has also been demonstrated.** Furthermore,
the ability of PDA-capsules to perform encapsulated catalysis
has also been shown.’® By incorporating three different
enzymes at different locations, i.e., in the void of the capsule,
and within and outside of the PDA membrane, a cascade
reaction to convert starch into isomaltooligosacharide was
performed.

Herein, we report on the assembly and characterization of
capsosomes with simplified fabrication but considerably
improved functional complexity. In particular, we (i) identify

the optimal conditions to assemble structurally intact
capsosomes using PDA as the carrier capsule, (ii) verify the
capsosomes’ functionality by performing a two-enzyme coupled
cascade reaction toward the detection of uric acid, and (iii)
perform multiple parallel reactions by encapsulating a third
enzyme for the elimination of ascorbic acid during uric acid
detection (Scheme 1).

Scheme 1. Schematic Illustration of the PDA-based
Capsosomes Assembly”

(b) Liposome/Separation
Layer(s)

(a) Precursor
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(c) Capping
\ Layer/
PDA-shell
Silica Particle )

(d) Core
Removal

“A precursor polymer layer is deposited onto silica particles (a)
followed by the deposition of (enzyme loaded) liposomes and
separation polymer layers (b). The liposomes remain attached to the
polymer by means of a noncovalent cholesterol anchoring (i). The
assembly is then capped with an extra polymer layer and the PDA shell
is assembled by the self-polymerization of dopamine (c) and PDA-
based capsosomes containing liposomes loaded with three different

B EXPERIMENTAL SECTION

Materials. Poly(L-lysine) (PLL, M, 40—60 kDa), uricase (UR,
from Bacillus fastidiosus, 33 kDa), horseradish peroxidase (HRP,
peroxidase type VI from horseradish, 44 kDa), ascorbate oxidase (AO,
from Cucubrita species, 140 kDa), uric acid, ascorbic acid, dopamine
hydrochloride, sodium chloride (NaCl), tris(hydroxymethyl)-
aminomethane (TRIS), sodium phosphate dibasic, sodium phosphate
monobasic, and chloroform were purchased from Sigma-Aldrich.
Amplex Ultra Red was obtained from Invitrogen. Silica particles (4.8
pum diameter) were purchased from Microparticles GmbH, Germany.
Zwitterionic lipids, 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC,
phase transition temperature T,,= —20 °C) and fluorescent lipids 1-
oleoyl-2-[6-[ (7-nitro-2—1,3-benzoxadiazol-4-yl)amino Jhexanoyl]-sn-
glycero-3 phosphocholine (NBD-PC) were purchased from Avanti
Polar Lipids, USA.

Four different buffers were used for the assembly: 10 mM or 100
mM TRIS with the pH adjusted to 7.0 or 8.5. These buffers are from
now on referred to as TRIS-10 mM-pH7.0, TRIS-100 mM-pH7.0,
TRIS-10 mM-pH8.5, and TRIS-100 mM-pH8.5. All buffer solutions
were made with ultrapure water (Milli-Q gradient A 10 system,
resistance 10MQ cm, TOC < 4 ppb, Millipore Corporation, USA).
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Poly(methacrylic acid)-co-(cholesteryl methacrylate) (PMA,, M,, 33
kDa) was synthesized according to a previously published protocol.*®
The molecular weight of the PMA, employed in this study is longer
(M,, 33 kDa) than the PMA_ used in capsosomes previous reports (M,,
11.5 kDa).”’ Flow cytometry studies comparing liposomal loading
depending on the PMA_ used, i.e., long vs short, demonstrate that the
polymer length does not affect the amount of trapped liposomes (data
not shown).

Liposome Formation. Unilamellar zwitterionic liposomes were
prepared by evaporation of the chloroform of the lipid solution (2.5
mg) under nitrogen for 1 h, followed by hydration with 1 mL of TRIS-
100 mM-pH7.0 containing 40 U of UR (Lyyg), HRP (Lygp), 200 U of
AO (Lno) or without containing any enzyme (L). For fluorescently
labeled liposomes (L), 6 wt % of NBD-PC was added to the lipid
solution. Each solution was extruded through 100 nm filters 11 times
to obtain liposomes of monodisperse size. Lo were extruded through
200 nm filters to favor AO encapsulation due to the large size of the
enzyme.

Capsosome Assembly. A suspension of SiO, particles (S wt %)
in the required TRIS buffer was incubated with the polymer precursor
layer, PLL (1 mg mL™!, 10 min), and washed three times in TRIS
buffer (100 g, 30 s) followed by the adsorption of a PMA, layer if
needed (0.7 mg mL™", 10 min), washed three times in TRIS buffer and
suspended in a liposome solution (2.5 mg mL™, 50 min), washed
three times in TRIS, and incubated in a PMA, solution again (0.7 mg
mL~’, 15 min). When the deposition of a second liposome layer was
required, a PMA, (0.7 mg mL™', 15 min) separation layer was
adsorbed, washed three times in TRIS, followed by the absorption of a
second liposome deposition step at the desired concentration (from
0.125 to 2.5 mg mL™’, 50 min). The samples were then washed three
times in TRIS followed by the adsorption of a PMA, capping layer (0.7
mg mL™}, 15 min).

When employing fluorescent lipids, the samples were covered with
aluminum foil to avoid the exposure of the fluorescent dyes to light
and possible photobleaching. When adsorbing enzyme loaded
liposomes (Lyg, Lygp, or Lyo), the lipid concentration in both
liposomal deposition steps was 2.0 mg mL™', because that is the
concentration that ensures fully saturation of the particles’ surface
(Supporting Information, Figure SS). When fluorescently labeled
liposomes are adsorbed, the lipid concentration during the first
liposomal deposition step was 2.0 mg mL™', whereas for the second
liposomal deposition step, the lipid concentration ranged from 0.125
to 2.5 mg mL™". After the PMA_ capping layer is absorbed, the core—
shell particles were washed in TRIS-10 mM-pH8.5 and the PDA shell
was deposited by incubating them in a dopamine solution (8 mg mL™"
in TRIS-10 mM-pH8.5) for ~16 h. After the incubation time, the
core—shell particles where washed three times in a TRIS solution
(TRIS 10 mM, 150 mM NaCl, pH 7.4). PDA-based capsosomes were
formed by dissolving the silica core particles using a 2 M hydrofluoric
acid (HF)/8 M ammonium fluoride (NH,F) solution at pH § for 2
min, followed by multiple centrifugation (1680g, S min) washing
cycles in Milli-Q water (MQ).

Dynamic Light Scattering (DLS). The size and polydispersity
(PD) of the liposomes was determined by diluting 30—S0 uL of
sample solution in ~700 yL of MQ_ prior to measuring in a DLS
instrument (Zeta-sizer nano, Malvern Instruments) using a material
refractive index of 1.590 and a dispersant (water at 25 °C) refractive
index of 1.330. Liposomes extruded through a 100 or 200 nm
membrane were found to have a diameter ~120 nm or ~240 nm,
respectively, with a PD < 0.15.

Quartz Crystal Microbalance with Dissipation Monitoring
(QCM-D). QCM-D measurements (Q-sense E4, Sweden) were used
to analyze the liposome and polymer deposition on planar silica
substrates depending on the polymer precursor layer (PLL or PLL/
PMA,) and the used TRIS buffer condition. Silica-coated crystals
(QSX300, Q-sense) were cleaned by immersion in a 2 wt % sodium
dodecyl sulfate solution overnight, rinsing with Milli-Q water, blow-
dried with N,, followed by exposure to UV/ozone for 20 min before
being mounted into the liquid-exchange chambers of the instrument.
The frequency and dissipation measurements were monitored at 23 +

0.02 °C. When a stable baseline in the buffer solution was achieved, a
PLL solution (I mg mL™') was introduced into the measurement
chamber, left to adsorb onto the crystal and after surface saturation,
the chamber was rinsed to remove the excess polymer. If required,
PMA, (0.7 mg mL™") was added as the next polymer layer and upon
surface saturation, the chamber was rinsed. This way, the PLL or PLL/
PMA, precursor layers were deposited. The resulting polymer-coated
surface was then exposed to L (2.5 mg mL™") and left to incubate until
the surface was saturated. The liposome solution was replaced with
buffer solution and the film assembly was continued by adsorbing a
PMA, separation layer (0.7 mg mL™'). When the surface was
saturated, the chambers were washed with buffer solution and exposed
to a second L solution (2.5 mg mL™"). Upon surface saturation and
buffer rinsing, the assembly was capped with a PMA, (0.7 mg mL™")
layer and rinsed with buffer. After the buffer was changed to TRIS-10
mM-pHS8.5, the PDA layer was deposited using 10 mg mL™" dopamine
in TRIS-10 mM-pHS8.5. During this deposition step, the pump was set
to 50 yL min~" and after 30 min the dopamine solution was replaced
with a freshly prepared one, to ensure that enough monomers were
available for the deposition of the PDA. Normalized frequencies and
dissipation values using the third harmonics are presented.

Flow Cytometry. The fluorescence of the particles was analyzed
by flow cytometry before and after core removal. BD Accuri C6 flow
cytometer using an excitation wavelength of 488 nm and emission
detection of 530 nm was used to measure the fluorescence intensity of
the core—shell particles or capsosomes containing L. At least 20 000
particles were analyzed in each experiment and at least two
independent experiments were performed.

Differential Interference Contrast (DIC) Microscopy. DIC
images of capsosomes were taken with an inverted Zeiss microscope
Axio Observer Z1 (Zeiss, Germany) equipped with a DIC slider, the
corresponding filter sets and a 63X oil immersion objective.

Confocal Laser Scanning Microscopy (CLSM). Capsosomes
containing fluorescently labeled liposomes were imaged with an
Axiovert microscope coupled to an LSM 700 confocal laser scanning
module (Zeiss, Germany).

Transmission Electron Microscopy (TEM). The capsosomes
were also visualized using TEM by adsorbing 4 uL of the capsule
suspension onto a carbon film mounted on 300 mesh copper grids
(Quantifoil Micro Tools GmbH, Jena, Germany) for S min. The grid
surface was rendered hydrophilic by glow discharge in a reduced
atmosphere of air for 10 s prior to adsorption. The grid was blotted
and left to air dry. TEM images of the capsules were acquired digitally
using a Philips CM10 microscope (FEI, Eindhoven, The Netherlands)
fitted with a 2k X 2k side-mounted CCD Camera (Olympus SIS,
Miinster, Germany).

Atomic Force Microscopy (AFM). 1-2 uL of the capsosome
solution was dried on a piece of silica wafer and visualized in air using
tapping mode AFM (Nanowizard 2, JPK Germany) using NCH
cantilever (NanoWorld).

Enzymatic Reactions. Kinetics of Enzymatic Conversion of Uric
Acid in UR and HRP Loaded Capsosomes. A suspension of 2.25 X
10° capsosomes or capsules per uL loaded with an equal mixture of
Lyr and Lygp for capsosomes or free UR and HRP for the capsules,
was allowed to interact with a solution 50 M of Amplex Ultra Red
and 10 M of uric acid in phosphate buffer (100 mM, pH 7.0) at 37
°C. The increase of the fluorescent product resorufin was followed
over time through monitoring fluorescence readings at an excitation
and an emission wavelength of 550 and 580 nm, respectively, using an
Enspire PerkinElmer plate reader. The results were normalized to the
resorufin’s fluorescence intensity after 22 h of reaction.

Enzymatic Conversion of Several Concentrations of Uric Acid in
UR and HRP Loaded Capsosomes. A suspension of 2.0 X 10°
capsosomes or capsules per uL loaded with an equal mixture of Ly,
Lygp, and empty L for capsosomes or free UR and HRP for the
capsules, was allowed to interact with a solution 50 yM of Amplex
Ultra Red and several concentrations of uric acid (ranging from 10 to
100 uM) in phosphate buffer (100 mM, pH 7.0) at 37 °C. Empty
liposomes were employed because we aimed to obtain a high signal to
perform the next experiment in which liposomes encapsulating AO
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(Lpo) will replace the empty ones. The fluorescence intensity of
resorufin was measured after 3 h of reaction using an excitation and an
emission wavelength of 550 and 580 nm, respectively, using the multi
plate reader. The results were normalized to the resorufin’s
fluorescence intensity when employing a concentration 100 yM of
uric acid.

Ascorbate Oxidase Reaction. A suspension of 2.0 X 10°
capsosomes per pL loaded with an equal mixture of Ly, Lygp, and
empty L or an equal mixture of Ly, Lygp, and L,o, was allowed to
interact with a solution 100 yM of ascorbic acid in phosphate buffer
(100 mM, pH 7.0) at 37 °C for 3 h followed by the addition of uric
acid and Amplex Ultra Red at final concentrations of 100 and 50 uM,
respectively. The increase of the fluorescent product resorufin was
followed over time through monitoring fluorescence readings at an
excitation and an emission wavelength of S50 and 580 nm,
respectively, using the multi plate reader.

B RESULTS AND DISCUSSION

Assembly. The goal of this part is to compare the liposome
deposition depending on the used polymer precursor layer(s)
PLL or PLL/PMA, and the buffer conditions. Although we
previously identified PLL and PLL/PMA_ as suitable precursor
layer(s), the same assembly buffer was always used, namely 10
mM  2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid,
150 mM NaCl adjusted to pH 7.4. Because we were aiming
to use PDA to assemble the carrier capsules, we investigated if
the same buffer solution could be used for the entire assembly
and to what extent the TRIS concentration and the pH affected
the amount of deposited liposomes on planar and colloidal
substrates. When the first liposome deposition step is
considered, PLL as a precursor layer allowed for the deposition
of similarly high amounts of liposomes independent of the used
buffer. For PLL/PMA, precursor layers, only TRIS-100 mM-
pH7.0(8.5) buffer facilitated the deposition of liposomes on
both planar and colloidal substrates. (For more details, see the
Supporting Information, Figure S1). Further, only the use of
TRIS-100 mM-pH7.0(8.5) buffers allowed for the liposome
deposition during a second adsorption step. (For more details,
see the Supporting Information, Figure S2).

With the aim to advance the assembly of the capsosomes’
shell, which, so far, has mainly been deposited using the LbL
technique employing the polymer pair polg(N—vinylpyrroli-
done) and thiolated poly(methacrylic acid),>® we considered
PDA to assemble the carrier vehicle in a single-step. The PDA
deposition is one final step, which replaces the so far used
sequential deposition of at least eight layers of thiolated
poly(methacrylic acid) and poly(vinylpyrrolidone) followed by
a cross-linking step. The PDA adsorption would therefore
considerably facilitate the assembly process. Frequency changes
(Af) (Figure 1a) and frequency changes (AD) (Supporting
Information, Figure S3) of the crystals due to the entire film
built up were monitored by QCM-D in TRIS-100 mM-
pH7.0(8.5) buffer including the deposition of the PDA for 1 h
in the last step. (The short PDA deposition time was chosen
due to practical reasons, especially to avoid potential clogging
of the QCM-D chambers due to the PDA deposition).
Independent of the used buffer solution during the liposome
deposition steps, the adsorption of the PDA was confirmed
without rupture or displacement of the liposomes. When the
crystal was precoated with liposomes using TRIS-100 mM-
pH7.0 buffer as compared to TRIS-100 mM-pH8.5 buffer,
higher Af and similar AD of the crystals due to the initial PDA
deposition was observed. This might indicate that a more
hydrated (or less dense) PDA film was deposited in the former

2)3000 _y  TRIS-100mMpH7.0 .
2000 4| —O—TRIS-100mM-pH8.5 @

iii) y iv)
500 nm

um 0nm
—

Figure 1. (a) Change in frequency Af of a QCM-D crystal up on the
film built up using two liposome deposition steps including the
adsorption of the PDA as the last step using TRIS100 mM-pH7.0(8.5)
as the buffer condition. (b) Structural characterization of capsosomes
by several microscopy techniques: DIC (i), CLSM (ii), TEM (iii), and
AFM (iv) images of PLL/PMA_/L;/PMA_/Lz/PMA_/PDA assembled
in TRIS-100 mM-pH?7.0 are shown.

case. We speculate that the pH could affect the amount of TRIS
molecules predeposited in the liposome-containing film,
leading to different PDA adsorption properties, because TRIS
molecules have previously been proposed to be involved in the
PDA formation.* Results using colloidal substrates and flow
cytometry as readout method supported the hypothesis that the
deposited PDA coating was different depending on the
assembly conditions of the underlying layers. (For more details,
see the Supporting Information, Figure S4).

Due to consideration regarding biological relevant pH for
enzymes to be encapsulated into the liposomes and the
potentially more hydrated PDA carrier capsules, which might
facilitate the transport of substrate/product across the polymer
membrane, we decided to only consider PLL/PMA_/L/PMA./
L/PMA./PDA films assembled in TRIS-100 mM-pH7.0. In a
next step, the silica core was removed using buffered HF
solution. Buffered HF (~pH 5) was used in order to avoid
exposure of encapsulated enzymes to highly acidic condition.
The core was removed in order to demonstrate that PDA
provides enough structural integrity to allow for free-standing
polymer/liposome assemblies, which would also be amendable
for using liposomal subunits “free-floating” in the capsosome’s
void.*® In addition, for many biomedical applications, it might
be beneficial to remove the core because silica is (i)

nondegradable, (ii) adds weight to the assembly, which might
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affect its ability to remain in suspension, or (iii) likely to affect
the interaction with cells and tissue due to its nondeformability
among others. The structural integrity of yielded capsosomes
was visualized by several microscopy techniques (Figure 1b).
Differential interference contrast (DIC) images demonstrated
that the capsosomes were intact, discrete, monodisperse, and
maintained the round shape of the template silica particles
(Figure 1bi). Fluorescent confocal scanning laser microscopy
images revealed that the liposomes where homogeneously
distributed along the PDA membrane as shown by the regular
green fluorescence (Figure 1bii). Transmission electron
microscopy (TEM, Figure 1biii) and atomic force microscopy
(AFM, Figure 1biv) images further support the assembly of
capsosomes due to the particle-like much denser structure in
contrast to the creases and folds of polymer capsules without
liposomes. The shell thickness of this type of capsosomes was
measured from cross-sectional profiles of AFM height images
and found to be 128 + 1 nm. We would also like to note that
by varying the liposome concentration during the adsorption
step, the amount of adsorbed liposomes could be controlled.
(For details, see the Supporting Information, Figure SS).

Enzymatic Cascade Reaction. Biological cells operate by
performing multiple (cascade) reactions within spatially
separated and confined subcompartments, the cell organelles.
However, initially, the reported systems with ability to perform
coupled enzymatic reactions consist of capsules/particles with
double- or multishelled architectures in an onion-like fashion.
Kreft et al®® pioneered the performance of two-enzyme-
coupled reactions within shell-in-shell polyelectrolyte capsules,
a concept that was pushed further by Biumler et al,*® who
conducted a three-enzyme cascade reaction by encapsulating
three different enzymes in three concentric compartments. In
the past few years, multishelled structures performlng multi-
enzyme reactions have spurred increasing interest.”” The
aforementioned reports are of utmost interest and important
in their own rights because, in nature, some cells or organelles
possess double membranes, e.g., the mitochondria, in which
several of the enzymes for the citric acid cycle are located in the
intermembrane space. However, the vast majority of cells have
multiple subcompartments situated in different areas within
their interior arranged in a nonconcentrically manner. To this
end, two recent publications using polymersomes within
polymersome architectures have demonstrated the ability to
perform enzymatic cascade reactions in this multicompartment
alrrangement.u’22

With the aim to advance the functional complexity of
capsosomes, we report, for the first time, an encapsulated
cascade reaction within this multicompartment system. As
proof of concept, we chose to perform a cascade enzymatic
reaction toward uric acid detection. Quantitative analysis of uric
acid in body fluids, e.g., urine or blood, is very important in the
diagnosis and medical management of various diseases.
Abnormal uric acid levels may result from leukemia, toxemia
of preghancy, polycythemia, impaired renal function, or gout
disease.®*"®* A number of colorimetric assays for the detection
of uric acid in biological samples have been developed by
coupling the uricase (UR) reaction with the peroxidase-
catalyzed oxidation of a chromophore by hydrogen peroxide
(H,0,). This is a simple, sensitive and specific method, which
does not require an expensive apparatus.”>®> UR catalyzes the
conversion of uric acid to allantoin, H,0,, and carbon dioxide
(CO,). Next, H,0, reacts in the presence of horseradish
peroxidase (HRP) with Amplex Ultra Red reagent to generate

the red-fluorescent oxidation product resorufin, which can be
detected by fluorescence spectroscopy at an excitation and an
emission wavelength of ~570 and ~S58S nm, respectively.
Because capsosomes have the inherent ability to immobilize
multienzymes in the liposomal subunits, we encapsulated UR
and HRP in the liposomal subunits and performed a
continuous cascade reaction by converting the analyte uric
acid. An equal mixture of liposomes containing UR (Lyg) or
HRP (Lygp) was employed for the capsosomes assembly.
Unsaturated zwitterionic liposomes were chosen for the
capsosomes’ assembly due to their low phase-transition
temperature (T, = —20 °C), because that allows performing
enzymatic reactions without the need of an external trigger.
Due to the high permeability of the liposomal membrane at
room temperature, uric acid is expected to be able to permeate
through the lipid membrane and to be converted by UR into
allantoin and H,0, (Figure 2ai). The latter, together with the
small probe Amplex Ultra Red, will be converted by HRP into
the fluorescent product resorufin (Figure 2aii).
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Figure 2. Enzymatic cascade reaction. (a) Schematic illustration of the
enzymatic cascade reaction performed in capsosomes. At T > T, the
substrate uric acid in the presence of O, is able to permeate through
the liposomes membrane and be converted by the enzyme uricase
(UR) into H,0,, CO,, and allantoin (i). H,0, reacts with Amplex
Ultra Red reagent in the presence of horseradish peroxidase (HRP) to
generate the fluorescent product resorufin (ii). (b) Reaction kinetics of
capsosomes containing an equal mixture of liposomes loaded with UR
and HRP, respectively (black squares), in comparison to capsules
assembled by adsorbing free enzymes (white squares). DIC image of
capsosomes after 22 h of reaction (inset). The scale bar is 10 ym.

The kinetics of the enzymatic conversion was followed at a
concentration of 10 yM uric acid and 50 M Amplex Ultra Red
reagent in 100 mM phosphate buffer (pH 7.0) using a
concentration of 2.25 X 10° capsosomes per uL (Figure 2b).
The results were normalized to the resorufin’s fluorescence
intensity after 22 h of reaction. The resofurin fluorescence
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steadily increased for the first 6—7 h, giving rise to 50%
conversion of the total conversion measured after 22 h. As a
control, capsules assembled by exposing the particles to the free
enzymes in solution instead of the enzyme loaded liposomes,
were used. We would like to note that QCM-D experiments
revealed that the free enzymes did not adsorb to a PLL/PMA_
precoated crystal, highlighting the importance of the use of
liposomes as subunits to carry the enzymes (results not
shown). Further, this control experiment strongly implies that
the liposomes remain intact after core removal, as previously
demonstrated.*"**** If the liposomes would have been
destroyed during the HF treatment, the enzymes would likely
have been removed during the subsequent washing cycles and
no enzymatic conversion would have been observed. In
agreement with this finding, the fluorescent product was only
detected in the capsosome samples (Figure 2b, black squares),
but not in the control (Figure 2b, white squares),
demonstrating that the liposomes were required to ensure the
functional presence of the enzymes. After 22 h of enzymatic
reaction, the capsosomes preserved their structural integrity
(Figure 2b, inset). The fluorescence intensity of the enzymatic
conversion after 3 h at a concentration of 10 uM uric acid and
50 #M Amplex Ultra Red reagent in 100 mM phosphate buffer
(pH 7.0) using a concentration of 3 X 10° capsosomes or
core—shell particles per yL was also measured to confirm that
there was no significant reduction of enzyme activity after core
removal (Supporting Information, Figure S6). We would like to
note that although the detection times used here were relatively
large (>1 h), they could be reduced by, e.g., increasing the
number of entrapped liposomes per capsosome, which would
increase the enzyme concentration, or by concentrating the
number of capsosomes per volume.

With the aim to assess the effect of the initial uric acid
concentration on the encapsulated enzymatic cascade reaction,
we incubated the capsosomes with different amount of this
analyte for 3 h and measured the conversion. The normalized
fluorescence intensity of the fluorescent reaction product
resorufin is plotted in dependence of the uric acid
concentration (Figure 3a). The results were normalized to
resorufin’s fluorescence intensity when employing 100 xM uric
acid. Concentrations of uric acid as high as 100 yuM could be
used, and the capsosomes preserved their integrity for all the
tested concentrations (Figure 3b). However, upon incubation
of the capsosomes with 300 M uric acid, loss of their spherical
shape and aggregation was observed (data not shown). We
attribute those results to a potential interaction of uric acid with
the PDA shell, which would further indicate that the PDA
structure could predominantly consist on noncovalent bonds.*!
This drawback could likely be overcome by using dopamine-
modified cross-linkers and/or the addition of protective
layer(s).

Multiple Enzymatic Reactions. Biological cells are able to
perform simultaneous multiple (cascade) reactions spatially
separated, but this aspect still presents a significant challenge in
cell mimicry. Here, we aim to push the limits of encapsulated
catalysis further by conducting an additional enzymatic
conversion in parallel to the above-described cascade reaction
using capsosomes. We make use of the fact that certain
compounds can interfere with the uric acid detection. In body
fluids, ascorbic acid is one of the main interfering substances
due to its strong reducing activity, which disturbs when using
oxidase-based chromogenic detection.* The enzyme ascorbate
oxidase (AQO) is commonly added to preserve the chromophore
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Figure 3. Uric acid concentration dependent conversion. (a)
Normalized fluorescence intensity of resorufin reaction product
depending on the uric acid concentration measured after 3 h of
reaction for capsosomes loaded with uricase (UR) and horseradish
peroxidase (HRP) within their liposomal compartments (black
squares) in comparison to capsules assembled in a similar way but
adsorbing the free enzymes instead of the loaded liposomes (white
squares). (b) DIC images of capsosomes after 3h of reaction at
different concentrations of uric acid. The scale bars are 10 ym.

from reduction by elimination of the ascorbic acid, which will
be converted to 2-L-dehydroascorbic acid.**** We compare
capsosomes loaded with equal amounts of Lyp, Lygp, and
empty liposomes (L) vs capsosomes loaded with equal amounts
of Lyg, Lirp, and AO loaded liposomes (L) in their ability to
convert uric acid into the fluorescent probe via enzymatic
conversion in the presence of ascorbic acid. In the latter case,
the presence of AO should eliminate the ascorbic acid, leading
to more efficient uric acid detection ie., higher amount of
fluorescent product (Figure 4a). Considering that the
concentration of ascorbic acid in serum of a healthy subject is
between 10 and 100 uM,* a suspension of 2.0 X 10°
capsosomes per yL was incubated in a solution of 100 uM
ascorbic acid and 100 M uric acid followed by the addition of
Amplex Ultra Red. The fluorescence intensity reading over time
for capsosomes containing L, (Figure 4b, black squares) was
higher that the fluorescence intensity reading of capsosomes
containing L instead of L,y (Figure 4b, white circles). This
result impressively demonstrated that three enzymes could be
entrapped within the same capsosome, exhibiting their expected
function. We would like to note that the enzymatic conversion
was measured for max 3 h, because we aimed to demonstrate
the activity of multiple enzymes, which was convincingly done
after this time. We believe that the mean fluorescence would
increase with increasing time as observed in Figure 2b. This
feasibility study showed, for the first time, multiple (cascade)
reactions taking place simultaneously within a confined
synthetic compartmentalized structure.

B CONCLUSIONS

In summary, we have advanced capsosomes by employing a less
cumbersome assembly approach of the carrier capsules while
enhancing the complexity of their functionality for encapsulated
catalysis. We assembled the carrier shell in a single-step by the
spontaneous deposition of PDA yielding nonaggregated intact
capsosomes. We identified a condition (buffer and precursor/
separation layer(s)) that allowed for the highest liposome
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Figure 4. Multiple enzymatic reactions. (a) Schematic illustration of
the multiple (cascade) enzymatic reactions performed in capsosomes.
At T > T,, ascorbic acid crosses the membrane of the liposomal
subunits and can be converted by ascorbate oxidase (AO) into the
product 2-L-dehydroascorbic acid (i). Simultaneously, the substrate
uric acid, in the presence of O,, is able to permeate through the
liposomes membrane and be converted by the enzyme uricase (UR)
into H,0,, CO,, and allantoin (ii). H,O, reacts with Amplex Ultra Red
reagent in the presence of horseradish peroxidase (HRP) to generate
the fluorescent product resorufin (iii). (b) Reaction kinetics of
capsosomes containing an equal mixture of liposomes loaded with UR
(Lur), HRP (Lygp), and AO (L,p), respectively (black squares), in
comparison to capsosomes loaded with an equal mixture of Lyp, Lirp,
and empty liposomes (L) (white circles). DIC image of capsosomes
containing Lyg, Lygrp, and Ly after 3 h of reaction (inset). The scale
bar is 10 ym.

encapsulation by using PLL/PMA_ as precursor layers, PMA_ as
separation layers, and TRIS-100 mM-pH7.0 as the buffer
condition during the assembly. Further, we showed that three
different enzymes, UR, HRP, and AO, can be encapsulated
within the liposomal subcompartments. These assemblies are
among the first ever used (nonconcentric) compartmentalized
systems that could be successfully employed in encapsulated
catalysis performing multiple reactions in parallel. These
findings are substantially contributing to the advancement of
cell mimicry applicable as both therapeutic carriers or
biosensors.

B ASSOCIATED CONTENT
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Optimization of the liposome deposition steps depending on
the used buffer solution, dissipation changes of QCM-D
measurements, PDA deposition onto colloids, lipid concen-

tration dependence on the amount of deposited liposomes, and
the comparison of the enzymatic activity in core—shell particles
and capsosomes. This material is available free of charge via the
Internet at http://pubs.acs.org.
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