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Enzymes are more selective and efficient than synthetic catalysts but are limited by difficult recycling. This
is overcome by immobilisation, namely through encapsulation, with the main drawback of this method
being slow diffusion of products and reactants, resulting in effectively lowered enzyme activity.
Fluorinated dendritic amphiphiles were reported to self-assemble into regularly perforated bilayer vesicles,
so-called “stomatosomes”. It was proposed that they could be promising novel reaction vessels due to
their increased porosity while retaining larger biomolecules at the same time. Amphiphiles were syn-
thesised and their aggregation was analysed by cryogenic transmission electron microscopy (cryo-TEM)
and dynamic light scattering (DLS) in buffered conditions necessary for enzyme encapsulation. Urease
and albumin were encapsulated using the thin-film hydration method and investigated by confocal and
time-gated stimulated emission depletion microscopy (gSTED). Their release was then used to probe the
selective retention of cargo by stomatosomes. Free and encapsulated enzyme activity were compared
and their capacity to be reused was evaluated using the Berthelot method. Urease was successfully
encapsulated, did not leak out at room temperature, and showed better activity in perforated vesicles than
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in closed vesicles without perforations. Encapsulated enzyme could be reused with retained activity over
8 cycles using centrifugation, while free enzyme had to be filtrated. These results show that stomato-
somes may be used in enzyme immobilisation applications and present advantages over closed vesicles
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1 Introduction

Enzymes are biological catalysts produced by living organisms
to accelerate biochemical reactions, which can then be
extracted from cells to catalyse synthetic processes. Due to the
multitude of compounds present in cellular environments,
high selectivity and efficiency are necessary for these catalysts."
Enzymes are therefore important components of green chem-
istry and are widely used in industry, food processing and
development of pharmaceutics.”* They are biocompatible,
biodegradable and renewable while surpassing synthetic cata-
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lysts in their selectivity, remaining efficient in mild aqueous
conditions.

However, this advantage in biological systems becomes a
disadvantage in synthetic ones: enzymes are highly water
soluble homogeneous catalysts and difficult to recover without
expensive filtration systems. Recuperating desired products
and reusing enzymes for further reaction cycles is made
difficult. Therefore, new methods for recovering enzymes are
currently an important research topic.> A major method to this
end is immobilisation, which may be done by trapping the
enzyme within an insoluble carrier or attaching it through
covalent bonds to an insoluble support.® Enzymes may also be
immobilised by encapsulation, where the enzyme remains dis-
solved in the reaction solution but is confined in a particulate
nano-/microstructure surrounded by a barrier. This can be
done with shell-forming proteins, DNA, silica or polymers.”
Alternatively, amphiphiles can be used to form vesicles: poly-
mersomes in the case of amphiphilic polymers or liposomes
for lipids.*® Using encapsulation, only little enzyme is
denatured as it does not interact with the carrier. The effective
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increase in size and subsequent change in physical properties
after encapsulation means the enzymes can be separated by
either centrifugation or filtration. However, this method
suffers from mass transfer limitations and leakage of enzyme
into solution.'® Products and reactants move more slowly to
and from the enzyme, which becomes effectively less active.
Enzyme can leak into solution, contaminating the product and
being lost for further reactions. Pore size should be limited
such that products and reactants can pass through unhindered
but without enzyme leaking out, i.e. they should behave as a
sieve or filter. Such selectivity is key in enzyme encapsulation
applications.

Due to their special properties, namely stability and ten-
dency to form lower curvature structures, fluorinated systems
have been a subject of interest for applications and to investi-
gate the effect of fluorine on aggregation."'** The stability of
these structures can be explained by the perfluorination of the
ampbhiphile tails, due to highly electronegative fluorine,"® and
the stable C-F bond. Perfluorinated moieties have extremely
low polarisability, as dipole moments between C and electro-
negative F cancel each other in perfluorinated chains,"”
making them both hydrophobic and lipophobic and leading
to the formation of fluorous domains."®'® Due to this strong
phase separation, self-assembled layers are less permeable.
They can be combined with hydrophilic dendritic oligoglycerol
head groups, which imparts solubility and biocompatibility.
Because of the advantageous properties described, the assem-
bly of amphiphiles containing oligoglycerols head groups
and fluorinated tails has been systematically evaluated.”®*!
Recently, branched fluorinated amphiphiles have been of
interest due to their potentially less hazardous nature.>>"**

Stomatosomes, or perforated vesicles,”> were reported to
form from single-component fluorinated dendritic amphi-
philes.>® They are stable with regularly sized and spaced per-
forations and are formed from one component, unlike the
majority of existing stomatosome systems. These usually
include amphiphiles, with sizes ranging from small molecules
to polymers, and additives such as surfactants.>*° Tuning of
salt concentration is often necessary in the case of charged
compounds.’® The systems used in this work are therefore
advantageous due to their simple formulation.

Only recently have stomatosomes been investigated for
applications. Unlike other self-assembled structures like cubo-
somes and hexosomes*? studies testing for appli-
cations have been limited to a few papers**® or focused on
polymeric capsules.®®

It was expected that stomatosome pores would increase
mass transfer, i.e. reactants and products would be able to
diffuse in and out of vesicles with faster kinetics. Additionally,
the presence of fluorine leads to higher stability and regularity
of pore size, potentially leading to reduced leakage and a selec-
tive porosity. Being one-component systems, formulation is
straight-forward and less likely to interfere with the reaction
that is catalysed. For these reasons, we decided to evaluate
these systems as carriers for encapsulation
applications.

or vesicles,*?

enzyme
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Jack bean urease is a relevant enzyme in research and
industry with many applications.*>*! It is a large enzyme (MW:
590 kDa),”* which exceeds in size the pores of stomatosomes
formed from the synthesised fluorinated amphiphiles (13 nm
diameter compared to 10 nm for holes)*>** and so was not
expected to leak out significantly. It was encapsulated using
the thin-film hydration method then encapsulation was con-
firmed by fluorescence microscopy and quantified through
bicinchoninic acid (BCA) assays.** A smaller enzyme, bovine
serum albumin, was also encapsulated to test the theory that
stomatosomes can act as sieves and retain cargo selectively.

Urease activity was measured using the Berthelot method*?
and was compared between free and encapsulated enzyme.
Closed vesicles were used as controls and activity was com-
pared within closed and perforated vesicles. Enzyme was
recycled over 8 reuse cycles. The stability of these systems was
evaluated through leakage studies.

2 Introduction
2.1 Amphiphile structures

The synthesis was carried out following already reported pro-
cedures from our group.>>** Amphiphiles were selected based
on their ability to form stomatosomes reliably (Fig. 1). Two
different chain lengths were used to investigate further the
effect of the structure change on the assembly behaviour and
capacity to encapsulate. The branched amphiphile was chosen
as it was shown to form closed vesicles, and so its aggregates
were used as a control system.>® The syntheses involve click-
coupling as well as enzyme-catalysed reactions, thus improving
the efficiency and ecological impact of certain steps.

2.2 Comparison of amphiphile aggregation in water and
buffer

2.2.1 CAC determination. The critical aggregation concen-
tration (CAC) of the two amphiphiles with linear fluorinated
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Fig. 1 Structure of amphiphiles forming stomatosomes (n = 1 for 1 and
n = 4 for 2) and amphiphile forming closed vesicles 3.

This journal is © The Royal Society of Chemistry 2023
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chains (1,2) was determined using DLS measurements both in
ultrapure water and in phosphate-buffered saline (PBS) buffer.
The concentration where the count rate increases denotes the
formation of aggregates rather than only free and fully dis-
solved amphiphiles in solution. The CAC’s were found to be
5.8 uM for the shorter chain amphiphile 1 and 5.5 pM for the
longer chain amphiphile 2. These values were very low in both
cases and do not vary significantly between the two amphi-
philes. For comparison, sodium dodecyl sulfate, a common
component of hygiene products, has a CAC of 8 mM.*® The low
CACs are associated with higher aggregate stability’” and are
likely due to the low solubility of fluorous segments and hence
their stronger interaction. Segregation of fluorinated molecules
into a fluorous phase is known as the fluorophobic effect.*®
Like the hydrophobic effect, it relies on the change in entro-
pies upon going from a nonpolar environment into water,
which is large and negative and so unfavourable.*’

The branched amphiphile has a CAC of 83 uM.** The
shorter fluorous moiety here is associated with a higher CAC,
as a decrease in the fluorination leads to a weaker fluorophobi-
city. Although this is higher than for the two linear amphi-
philes, it still remains very low compared to most alkylated
amphiphilic compounds.

The CACs of 1 and 2 were also determined in PBS solution,
as it has to be used as a medium in enzyme encapsulation. It
was not expected to see a large change in value as the amphi-
philes are non-ionic. Nevertheless, the CACs were found to be
lower with 1.4 pM for the shorter chain amphiphile 1 and
1.6 pM for the longer chain amphiphile 2. This may be due to
the higher ionic strength of the medium.

View Article Online
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2.2.2 Cryo-TEM and DLS. The aggregation of 1 and 2 in
PBS was further studied by cryo-TEM to verify that stomato-
somes still formed in a different solvent — previously only ultra-
pure water was used.?° It is possible that addition of salt ions
may affect the amphiphile self-assembly as they have been pos-
tulated to cause either disturbance or structuring of the water
network.”® The resulting heterogeneity of water orientation
and dynamics from the addition of ions may have an effect on
the interactions between nonionic amphiphiles.>* Molecules 1
and 2 were found to still aggregate into stomatosomes (Fig. 2),
as well as into other structures like perforated planar bilayers
and cylindrical micelles. This was similar to what was observed
previously in ultrapure water.>® Stomatosomes were, however,
the dominating structure. We concluded that these amphi-
philes could be used for encapsulation even in PBS buffer.

DLS was used to compare aggregation in PBS and ultrapure
water (Table 1). An increase was observed in the z-average dia-
meter going from water to PBS while the PDIs remained within
error range of each other. It seems that the additional salinity

Table 1 DLS results including the PDI and z-average in ultrapure water
and PBS for amphiphiles 1 and 2, concentration used was 0.1 mM. The
z-average is larger in PBS than in water

1 2

PDI z-Average/nm PDI z-Average/nm
Ultrapure water 0.242 + 0.009 62 +3 0.32+£0.05 92+5
PBS

0.27 £0.05 134+ 9 0.31+£0.04 115+8

Fig. 2 Cryo-TEM micrographs of self-assemblies formed from amphiphiles 1 (left) and 2 (right) proving the formation of stomatosomes in PBS.
Spherical stomatosomes (black arrows) can be clearly distinguished from planar bilayers (white arrows) due to their dark edges, which result from
the view along the boundaries of the hollow structures, whereas planar bilayers do not feature these edges. While the shorter compound 1 mainly
forms the spherical stomatosomes we found conspicuously more planar bilayers and even some micellar threads (gray arrows) from compound 2.

Concentration used was 2 mM.

This journal is © The Royal Society of Chemistry 2023
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increases the size of the aggregates. It has been shown pre-
viously that addition of salt resulted in enhanced ordering of
nonionic surfactant bilayers,>® which could result in a change
in aggregation.

Planar bilayers can be observed in the cryo-TEM micro-
graphs. They are perforated like the stomatosomes but do not
have darker regions at the periphery, hence do not curve into
vesicles. The planar bilayers are found more often for the long-
chain amphiphile 2, potentially due to its lower spontaneous
curvature, which discourages bending into vesicles.”*>® This
could be because of the longer alkyl chain linking the fluori-
nated moiety with the polar head. Firstly, this extends the
hydrophobic tail, thus increasing its volume relative to the
head and making the molecule more symmetrical. The alkyl
chain is also more flexible than the fluorinated chain. This
increases the number of possible conformations, ie. the
entropy, which can increase the volume occupied by the chain.
Again, this would decrease the spontaneous curvature. The
effect of structure on aggregate curvature was also observed in
other fluorinated amphiphiles synthesised by this research
group, where an increased symmetry from a smaller head
group volume lead to a decrease in curvature.*'

The salinity had a greater effect on the aggregation behav-
iour of the shorter-chain amphiphile 1. Cryo-TEM experiments
pointed to an enhanced formation of vesicles rather than per-
forated planar bilayers by this compound. Vesicles may be
more sensitive to the salinity than planar bilayers and show a
larger increase in size when the salinity of the solution is
changed.

Lastly, some cylindrical micelles are also present, which
sometimes are joined at both ends like doughnuts. These are
higher curvature structures than stomatosomes or planar
bilayers.

2.2.3 Closed vesicles. As previously reported, amphiphile 3
was found to aggregate into closed vesicles, as shown in Fig. 3.

2.3 Enzyme encapsulation in stomatosomes

2.3.1 ATTO 565-urease. Once it was established that stoma-
tosomes still formed reliably in the conditions necessary for
enzyme encapsulation, we could proceed with further experi-
ments. Due to the perforations present on stomatosomes, it
was important to prove that enzyme could be encapsulated
and retained despite increased porosity. To this end, urease
was labelled with ATTO 565 following previously reported pro-
cedures®® and encapsulated using the thin film hydration
method®” (Fig. 4). Hydrophobic dyes were used to label stoma-
tosomes as they spontaneously insert within the hydrophobic
bilayer. The perforated bilayer vesicles can then be visualised
by fluorescence microscopy, and colocalisation with labelled
enzyme can show successful encapsulation.

The hydrophobic dye Cy5 was dissolved with amphiphile 1
in step 1 in Fig. 4 and then evaporated to form a thin film
inside a round-bottom flask. A solution of urease dissolved in
PBS buffer was added in step 2, the amphiphile layer was dis-
solved in step 3 and free enzyme was removed by centrifu-
gation in step 4. Encapsulated enzyme is larger and heavier
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Fig. 3 Cryo-TEM micrograph of amphiphiles 3 showing the formation
of multilayered closed vesicles. Concentration used was 3.5 mM, scale
bar is 200 nm.

/
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Fig. 4 Schematic representation of the encapsulation of urease within
stomatosomes, Cy5 and amphiphiles are represented in red and ATTO
565-urease in cyan.

than free enzyme and so the latter can be removed with the
supernatant. Centrifuging and removing the supernatant three
times was enough to remove all free enzyme. This was verified
using BCA assays, which were used to determine the protein
concentration in the supernatant. No more enzyme could be
detected in the supernatant after 3 centrifugation cycles, even
after extensive washing. The amount of enzyme removed was
lower than the initial amount added, thus we concluded that
some was retained by the stomatosomes.

The stomatosomes and its encapsulated enzyme were then
visualised using fluorescence microscopy in order to confirm
the procedure had been successful, both using 2 channels 2D
time-gated STED (or gSTED) and confocal microscopy (Fig. 5).
Urease was labelled with ATTO 565 as it can be imaged well
using gSTED fluorescence microscopy. Simply by using con-
focal microscopy, distinct vesicles could be observed and then
imaged by 3D reconstruction (Fig. 6). Cy5 was used as a hydro-
phobic dye. Pyrene was initially used to this end, as its fluo-
rescence spectrum changes when it is in a polar or apolar

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Confocal and gSTED micrographs of encapsulated labelled urease within stomatosomes. ATTO 565 (cyan) is bound to urease and Cy5 (red)
resides in the stomatosome bilayer formed from 1. Composite images show the overlap (white) and colocalisation of the two dyes. Concentration of
amphiphile used was initially 12 mM, which may have been reduced after encapsulation.

Fig. 6 3D reconstruction using z-stacks taken in the Cy5 channel in
confocal microscopy. The line perpendicular to the plane cutting
through the vesicle is the z-axis. The hollow vesicular structure of sto-
matosomes is shown, going down the z-axis from the right image to the
left.

environment. Comparing spectra allowed us to verify that it
could be incorporated in the hydrophobic layer. Cy5 had better
efficiency and did not overlap with the spectra of the other
dyes, thus avoiding cross-talk, and so was used in following
experiments instead of pyrene.

Both enzyme and stomatosomes were detected in the same
regions, with overlap shown as white in the composite images.
This showed that the enzyme was successfully trapped by the
aggregates. Due to the presence of perforations, it was possible
that some leakage would have occurred, thus making encapsu-
lation inefficient and transient. This was not the case here,
and encapsulated enzyme as well as the carriers could be
visualised.

This journal is © The Royal Society of Chemistry 2023

The additional resolution imparted by gSTED microscopy
gave interesting results. The enzyme seemed to be concen-
trated in the same regions as the hydrophobic dye, i.e., the sto-
matosome membrane. This could be explained by the labelling
of the enzyme, which could have increased their hydrophobi-
city. ATTO 565 has 6 hydrocarbon rings, including 2 piper-
idines and 4 aromatics. This makes it more hydrophobic than
the enzyme and prone to interact with the membrane, this in
the same way as Cy5, which also has a structure based on an
extended aromatic nitrogen-containing system. The degree of
labelling with the hydrophobic dye ATTO 565 used to visualise
the urease was 0.340, so lower than one. This means not all
enzyme present has been labelled with dye. It is therefore poss-
ible that the more hydrophobic labelled enzyme interacts
with the hydrophobic bilayer while the non-labelled enzyme
remains in the aqueous solution in the interior of the stomato-
somes. Only the labelled enzyme is visible in fluorescence
microscopy, which could explain the ring patterns obtained
(Fig. 5, gSTED images). Minor interaction between protein and
membrane has previously been suggested to explain similar
distributions in previous works.’® Another factor mentioned
was the scattering and reflection of fluorescent light between
the membrane-cavity interface. This could also be taking place
in our case and may in part explain the distribution obtained.

Another possibility is that the permeability from the perfor-
ations lead to a high concentration of enzyme in the same
region as the membrane. Similar distributions have been
observed in cases where the membrane is at least partially
porous (either smooth vesicle or disrupted membrane).>**° In
those cases, a darker outline can be seen. When polymers or
gold is used instead of lipids, the porosity is greatly reduced

Nanoscale, 2023,15, 7781-7791 | 7785
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and a more uniform distribution is observed.® When the
membrane is disrupted, a similar disk can again be seen.®®

Bright cyan spots of fluorescence can be observed. These
are likely to be due to agglomerated urease, where enzymes
aggregate with other enzyme in solution.

From gSTED and confocal microscopy, we can note the sur-
prisingly large size of the aggregates, which exceeds what we
would expect from previous cryo-TEM and DLS results. This
could be due to the large polydispersity in vesicle sizes.
Samples were not filtered on membranes to narrow the size
distribution, unlike in DLS measurements, this to avoid
changes in the aggregation and potential loss of stomatosome
structures. In cryo-TEM, smaller aggregates are observed as
larger ones are destroyed in the freezing process due to being
too large for the thin layer of ice formed. In gSTED, the image
is produced sequentially by scanning pixel by pixel, and so
smaller aggregates diffusing faster appear blurry and can not
be imaged. This can be seen in the background of gSTED and
confocal images (Fig. 5). For these reasons, vesicle sizes vary a
lot when measured with different methods, and when taken
together, this reveals large dispersity. The exact assembly
process and whether there is hierarchical self-assembly taking
place is not known.

Interestingly, little fluctuation was observed between topol-
ogies and vesicles remained stable as they did not convert into
other structures. It was also verified that stomatosomes were
still present after encapsulation (Fig. 7). They were still present
and remained stable after the encapsulation procedure. Urease
could not be visualised by this method due to the high con-
trast from the fluorinated chains. Due to this, it was not poss-

Fig. 7 Cryo-TEM micrograph of amphiphile 1 after encapsulation of
urease and separation of free enzyme. Concentration of amphiphile
used was initially 12 mM, which may have been reduced after
encapsulation.

7786 | Nanoscale, 2023,15, 7781-7791

View Article Online

Nanoscale

ible to explain the distribution observed in fluorescence
microscopy from cryo-TEM images and determine the exact
localisation of the encapsulated enzyme. In any case, enzyme
was successfully retained by stomatosome carriers.

We know from gSTED and confocal microscopy that
enzyme is in part concentrated in close proximity to the mem-
brane. From extensive washing of the aggregates and lack of
background fluorescence, the enzyme is probably not in the
external solution. The retained enzyme is either within the
vesicle (interacting or not with the membrane) or attached on
the outside of the vesicle. This could not be observed by cryo-
TEM due to the low contrast of unlabelled urease compared to
the fluorinated amphiphiles. To further understand the distri-
bution of encapsulated urease, we measured zeta potentials of
different samples (Fig. 8) following conditions taken from pre-
vious work.®”> We investigated the surface charge of both
empty vesicles, vesicles carrying enzyme and free enzyme by
studying their electrophoretic mobility. Urease has a negative
charge at buffer pH (isoelectric point of urease is 5.1).°* These
results confirmed that urease was not stuck on the outside of
the vesicles, both in the case of stomatosomes and closed vesi-
cles. If it was the case, vesicles would have had a negative
surface charge,®® but instead they retained their slightly posi-
tive charge after encapsulation of urease.

The encapsulation efficiency (EE%, eqn (1)) was determined
using BCA assays. The supernatant was removed and assayed
to find the concentration of urease. The amount lost after cen-
trifugation was subtracted from the initial amount in solution.

_ Total enzyme — Supernatant enzyme
- Total enzyme

EE%

x 100% (1)

Due to the presence of fluorous moieties, the aggregates
tend to preform before they encapsulate, thus the EE% is

mi I
: i

{ Potential /mV

Stom. Stom.+ Closed Closed +
JBU vesicles JBU

Free
JBU

Fig. 8 Surface charge evaluation given by electrophoretic mobility
measurements. We measured 5 samples: free jack bean urease (JBU),
empty stomatosomes (stom.), stomatosomes encapsulating urease
(stom. + JBU), empty closed vesicles and closed vesicles encapsulating
urease (closed + JBU). All vesicles had slightly positive surface charge
while urease had a highly negative surface charge. Amphiphile concen-
tration was initially 12 mM then diluted 100x before measurement, free
urease had a concentration of 0.4 mg ml™,

This journal is © The Royal Society of Chemistry 2023
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lowered overall.®> However, free enzyme left after encapsula-
tion can be recovered by centrifugation in the supernatant and
used again.

The EE% was found to be higher for the short-chain amphi-
phile 1 than for the long chain amphiphile 2 (27% =+ 2 com-
pared to 17% =+ 2, Table 2). This is likely to be due to more vesi-
cles being present for 1, which is the main difference in aggre-
gation behaviour between the two compounds as was observed
in cryo-TEM. Due to this difference in EE%, amphiphile 1 was
used for following encapsulation experiments unless specified.

Using heat and sonication, or increasing the time to
hydrate the film by stirring at room temperature overnight, did
not lead to significant improvements in the EE% and it
remained within its margin of error. The EE% of urease within
stomatosomes of 1 and 2 were comparable to past work relying
on the thin-film hydration method.®® An EE% of approximately
10% was found for an equivalent amphiphile concentration.
This shows that the preforming of vesicles that was expected
did not lower the EE% significantly.

Other methods have previously been used to encapsulate
proteins, some with higher expected EE% but also with
additional considerations and drawbacks. These include, but
are not limited to, freeze-thawing cycles (denaturation of
enzyme and time-consuming) or extrusion (potential effect on
aggregation) or microfluidics (expensive equipment and more
complicated to set up).”®”*® We therefore opted for the thin-
film hydration method, as it is simple, low-cost, fast and
should not denature the enzyme as much as other method,
which was important for following activity assays. It neverthe-
less suffers from low EE% and high dispersity of vesicle sizes.

One can also evaluate the obtained EE% values by theore-
tical means by calculating the captured volume upon aggrega-
tion into vesicles.®®”® Using these methods and vesicle sizes
from cryo-TEM and DLS (approximately 100 nm), the EE% of
our systems may seem higher than expected, as we would
predict between 5 and 10% captured volume for our concen-
trations used. Nevertheless, it is difficult in our case to make
an accurate prediction due to multilamellarity and large size
dispersity of vesicles. In addition to measuring by DLS the
sizes of empty stomatosomes, we also did this for stomato-
somes encapsulating enzyme (Table S1t). The major peak
(84%) in the volume distribution had a size of approximately
1000 nm, while vesicles imaged in gSTED were as large as
2500 nm. Due to the large error on the DLS data (large PDI,
non-spherical aggregates), these were not included here.
Nevertheless, in combination with information from all other

Table 2 Summary of average EE% determined by BCA assays, encapsu-
lating urease unless specified

Amphiphile Enzyme EE%

1 Urease 27+2
1 BSA 3+£0.4
2 Urease 17 +2
3 Urease 202

This journal is © The Royal Society of Chemistry 2023
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methods used, it shows us we have many large vesicles. This
would increase the predicted EE% to values between 20 and
50%. Our experimental EE% falls within this, albeit large,
range. In the future, obtaining a more narrow size distribution
would be important for biomedical applications, but this is
beyond the scope of this work. We can conclude from our com-
parison to theoretical predictions of captured volume that the
presence of very large aggregates leads to an increased EE%.
Using different characterisation methods this
dispersity.

2.3.2 Bovine serum albumin. A smaller enzyme was used
in encapsulation experiments to further test the theory that
stomatosomes can act as sieves and therefore also as selective
reaction vessels. The enzyme used as albumin from bovine
serum, which has a nominal size of 7.1 nm (smaller than the
vesicle perforations) and a molecular mass of 66.5 kDa.”" The
EE% was found to be 3 + 0.4% and no enzyme leaked out at
room temperature over a period of 2 days. This was much
lower than what was found for the larger enzyme urease. The
latter has a larger size as well as hydrodynamic diameter than
the perforations. On the other hand, albumin is smaller in
both regards, which would explain why the EE% was so low. It
is small enough to diffuse out of the perforations and so leaks
out down its concentration gradient in solution. The residual
enzyme left encapsulated could be residing in micelles, which
may still be able to trap enzyme as the latter has both hydro-
phobic and hydrophilic residues.”” This showed that stomato-
somes could act as size-selective carriers through matching of
perforation size and the specific cargo.

2.3.3 Evaluation of system stability. For applications of
enzymes as biocatalysts, both the activity and stability should
be optimised. Because of this, we evaluated the system stability
at conditions that maximised efficient use of urease. Free
enzyme activity is reduced in harsher pH conditions as its
optimum pH value is 7.4.”> Hence PBS buffer was used as a
reaction medium as it also has a pH of 7.4. We also found that
more extreme pH conditions resulted in loss of encapsulated
enzyme. After 1 h at pH 10, 8.5 + 0.4% was lost. At pH 4, 22 +
0.8% was lost. This should have an effect on the charge of the
protein, but the effect on the aggregation is not certain.
Because of this, we used PBS buffer for all experiments to
avoid any leakage of enzyme into solution.

Higher temperatures increase urease activity until 65 °C but
also denature the enzyme faster.”* This is important to con-
sider if the enzyme is to be reused over multiple reaction
cycles and denaturation has to be limited. For this reason, we
remained at room temperature to have enough heat energy
available to react while not accelerating denaturation too
much. At room temperature and in PBS buffer, no enzyme
leaked out of perforated vesicles formed from fluorinated
amphiphiles after a period of 2 days. This is necessary to estab-
lish for applications as enzyme leakage leads to mixing with
the products and more difficult separation and down-stream
processing. After ultrasonication for 5 min, 14.4 + 0.7% of
encapsulated enzyme was lost to solution. This was also
reflected in cryo-TEM studies from past work,”® where ultra-

reveals
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sonication resulted in fragments of vesicles being observed,
which could explain the loss of enzyme here. Due to the stabi-
lity of the system, it was concluded that activity assays could be
carried out within a few days of encapsulation as long as the
samples were not sonicated. In this way, measured enzyme
activity would be solely reliant on the activity of encapsulated
enzyme, whether within closed vesicles (smooth with no
pores) or perforated vesicles. Activity would not be affected by
leakage and varying concentration of free enzyme in solution.

2.4 Urease activity

2.4.1 Free enzyme and encapsulated in perforated or
closed vesicles. Urease is an enzyme that catalyses the hydro-
lysis of urea into carbon dioxide and ammonia. The amount of
ammonia in solution can be determined using the Berthelot
method, a colorimetric assay relying on the following process:
ammonia forms a monochloramine in the presence of hypo-
chlorite and is converted to 5-aminosalicylate by sodium sali-
cylate, this is then oxidised and complexed with salicylate to
produce the highly conjugated blue indophenol complex.**>”>
Keeping time and temperature constant, assaying ammonia
concentration gives us the urease activity. We wanted to inves-
tigate whether stomatosomes would perform better than
closed vesicles in enzyme encapsulation by increasing reaction
kinetics thanks to their perforations.

Encapsulated enzyme (after separation from leftover free
enzyme) was compared to free enzyme (Fig. 9) by diluting to
the same concentrations and then assaying the enzyme solu-
tions following procedures from the manufacturer. Closed vesi-
cles encapsulating urease were prepared in exactly the same
way as stomatosomes.

The following factors were kept constant: substrate (urea)
concentration, pH (same buffer used each time) and tempera-
ture. Everything is equivalent except the amphiphiles used,
which form different types of vesicles - closed and perforated.
The error on the activity values came mainly from the time
taken for each step in the assay, which had to be kept constant.

o
0o
T
—_

N
N
T

Normalised activity
o
o
T

o
N
T

Free Closed Stomatosomes

Fig. 9 Normalised activity at room temperature for urease in different
systems: free in solution, encapsulated within closed vesicles of 3 or
encapsulated within perforated vesicles of 1, ji.e. stomatosomes. The
enzyme is the most active free or within stomatosomes, and less active
within closed vesicles.
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This may have varied between assays with varying number of
samples, as time to for each step (take out of centrifuge,
pipette into cuvette, add assay reagents) will depend on how
many samples are being analysed. There is also a small error
associated with the EE% (and so urease concentration) that is
carried forward from the BCA assays into the activity assays.

The enzyme activity within stomatosomes was higher than
in closed vesicles, probably because of their porous structure.
Enzyme in closed vesicles exhibited on average 74 + 7% of the
activity of enzyme in perforated vesicle, only partially overcom-
ing mass transfer limitations from encapsulation, i.e. with an
activity reduction of 26 + 7%. The fluorination makes bilayers
more rigid and less fluid, which is offset by perforations
increasing diffusion of smaller molecules to and from the
enzyme. It is also likely that confinement effects increase
activity of encapsulated enzyme in stomatosomes compared to
free enzyme, which could explain why the latter does not have
a significantly higher activity compared to the other systems.

When looking towards applications, this 26 + 7% increase
in activity could result in a substantial improvement of
enzyme performance. For example, in the production of bio-
sensors for the detection of ATP, one could get a faster
response without needing additives that increase the mem-
brane permeability. In one previous work, time to full response
was usually around 6 minutes,”® which could be shortened to
less than 5. Getting as close as possible to a real time response
is important when analysing these systems in detail.”” With
biosensors, a higher activity also results in a higher sensitivity,
which is important for example when making biomedical
devices that monitor physiological fluids.”® Furthermore, when
developing cascade reaction models in cell mimicry, a semi-
permeable membrane is also needed. This cannot be achieved
with closed vesicles as they are not permeable enough, so poly-
mersomes are used instead.”® Instead of polymersomes, sto-
matosomes use amphiphiles, which form closer mimics to bio-
logical cells.®® Lastly, in the case of removal of dye toxins,
these are longer processes that take around 6 h,*" where a 26%
improvement would mean potentially saving more than 1 h.
Here a much more efficient process would be enabled with
additional porosity. Time is important for industrial appli-
cations and small gains in time can improve a process signifi-
cantly over many reaction cycles.

2.4.2 Reuse of free and encapsulated enzyme.
Encapsulated enzyme in stomatosomes was compared to free
enzyme with respect to reuse and recycling over multiple reac-
tion cycles (Fig. 10). Urea was added to urease samples and
incubated. After 10 min, the products were removed by cen-
trifugation for the encapsulated samples and saved to be
assayed. Free enzyme was separated from products using ultra-
filtration devices (Vivaspin®).

In both cases, activity remained stable over 8 reaction
cycles. Outliers were observed at reuse cycles 4 and 5, poten-
tially due to clogging of filters and some product being
released inconsistently after filtration (small increase in free
enzyme activity)or irregular dissolution of the pellet after cen-
trifugation (small decrease in activity for enzyme in stomato-

This journal is © The Royal Society of Chemistry 2023
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Fig. 10 Activity at room temperature of free enzyme and enzyme
encapsulated within stomatosomes formed from 1 after 8 consecutive
reaction cycles. Activity of the enzyme is overall unchanged for both
systems.

somes). Here stomatosome encapsulated enzyme has a clear
advantage over free enzyme with a fast, simple and cheap sep-
aration method. It showed similar results to other immobilis-
ation methods like covalent grafting where activity was
retained over reuse cycles.®” The loss in activity upon encapsu-
lation being minimal, this is promising for applications.

3 Conclusions

The aim of this work was to evaluate the potential of stomato-
somes as perforated reaction vessels for enzyme immobilis-
ation and conservation. To this end, two fluorinated dendritic
amphiphiles were synthesised and were found to reliably self-
assemble into perforated bilayers under physiological buffer
conditions. Due to their low water solubility, their critical
aggregation concentration in water is as low as 5.5 pM and
1.4 pM in PBS, which renders their porous aggregates very
stable at room temperature while leakage of enzymes is pre-
vented for at least 2 days.

By using fluorescent labels for both enzyme and stomato-
somes, a detailed study of the localisation of encapsulated
enzyme was performed using gSTED microscopy. This study
revealed that the protein was concentrated in the stomatosome
bilayer. Interestingly, an increase in encapsulation efficiency
was observed for the short-chain amphiphile 1, which forms
stomatosomes preferentially over planar bilayers. This points
to enzyme at least partially residing in the stomatosome
interior solution. Enzyme was successfully retained and it
could be reused over 8 cycles with overall unaltered activity.
Recycling was accomplished by just simple centrifugation,
which can be used in batch reactions. Free enzyme had to be
filtrated using expensive filtration systems, which tend to clog
after reusing and so have to be replaced. Therefore, encapsu-
lated enzyme in stomatosomes have a clear advantage over free
enzyme.

This journal is © The Royal Society of Chemistry 2023
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Due to their porous structure, the application of stomato-
somes improves the reaction kinetics compared to closed vesi-
cles without leakage of enzymes. These results illustrate that
stomatosomes could be promising reaction vessels for enzyme
encapsulation. Tuning of the fluorinated amphiphile assem-
blies may enable the development of optimised carriers for
various applications.
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