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In this study, we investigate the changes in the permeability of the recombinant fusion protein vesicles
with different membrane structures as a function of solution temperature. The protein vesicles are self-
assembled from recombinant fusion protein complexes composed of an mCherry fused with a glutamic
acid-rich leucine zipper and a counter arginine-rich leucine zipper fused with an elastin-like polypeptide
(ELP). We have found that the molecular weight cut-off (MWCO) of the protein vesicle membranes
varies inversely with solution temperature by monitoring the transport of fluorescent-tagged dextran
dyes with different molecular weights. The temperature-responsiveness of the protein vesicle
membranes is obtained from the lower critical solution temperature behavior of ELP in the protein
building blocks. Consequently, the unique vesicle membrane structures with different single-layered and
double-layered ELP organizations impact the sensitivity of the permeability responses of the protein
vesicles. Single-layered protein vesicles with the ELP domains facing the interior show more drastic
permeability changes as a function of temperature than double-layered protein vesicles in which ELP
blocks are buried inside the membranes. This work about the temperature-responsive membrane
permeability of unique protein vesicles will provide design guidelines for new biomaterials and their
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Introduction

Nature inspires many researchers to develop innovative soft
biomaterials. Vesicles within or outside cells play an important
role in the progress of secretion, uptake, and transport of
materials." One of the basic properties required for survival of
biological cells is semi-permeable membranes and selective
permeability. To mimic and imitate this function in synthetic
vesicles, liposomes or polymersomes have been developed and
modified chemically, physically, or biologically over the last
40 years.””’ However, the inherent properties of liposomes,
such as low chemical versatility associated with difficulties in
post-modification for short molecular weight lipids, often limit
the integration of functional proteins and complex control of
their functionality.®** Conversely, polymersomes offer versati-
lity to tune their chemistry and functionality but often require
acids, alkalis, organic solvents, or chemical conjugations,
which hinder their biocompatibility.®*>7*3

Protein vesicles or proteinosomes, consisting of fully folded,
functional globular proteins, have recently attracted atten-
tion due to their expected biological properties, including
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biocompatibility and specific protein activities in vesicle struc-
ture, useful for microbioreactors, drug delivery vehicles, and
synthetic protocells.**®™*° Particularly, globular protein vesicles
(GPVs) can be made through self-assembly of recombinant
fusion proteins consisting of fully folded, globular proteins
and intrinsically disordered polypeptides in benign aqueous
environments at room temperature.'®'” Since this fabrication
is favorable to biological molecules and processes, GPVs can
offer diverse biochemical functionality and tunability. The
building blocks of GPVs are recombinant protein complexes
consisting of a hydrophilic globular protein genetically fused
to a glutamic acid-rich leucine zipper (globule-Zg) and an
arginine-rich leucine zipper genetically fused to an elastin-
like polypeptide (Zz-ELP)."**"?° The complimentary Zy/Zy leucine
zippers have a high binding affinity (K &~ 10~*°> M),”* which
results in the dimerization of fusion protein constituents as
amphiphiles. The modular design of these fusion proteins allows
users to decorate the membrane exterior with any fully folded
globular protein desired via genetic fusion to a Zg leucine zipper.
Since the new GPV was developed by Champion et al. in 2014,
diverse engineering strategies to control the vesicle size,
membrane structure, and structural integrity in physiological
conditions have been developed toward more biomedical and
biological applications.'®**>** Nonetheless, the novelty of this
platform necessitates further investigation of their material proper-
ties like selective permeability, which motivates the current study.
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Elastin-like polypeptide (ELP) is a well-known biopolymer
with many uses in the field of self-assembled biomaterials,
ranging from drug delivery vehicles to tissue scaffolding.**>°
ELP consists of 25 penta-repeat units of amino acid sequence
(VPGXG), where X denotes any amino acid except proline. ELP
exhibits lower critical solution temperature (LCST) behavior,
undergoing conformational changes from hydrophilic to hydro-
phobic at temperatures above its critical solution temperature
due to rearrangement of hydrogen bonds in the pentapeptide
repeat units.>*>' Such hydrophilic-to-hydrophobic transition of
ELPs has been utilized to develop thermally responsive bio-
materials in micelles or thin film forms. In GPVs, this hydro-
phobic collapse renders ELP tails insoluble in aqueous solutions
and forms amphiphilic packing units when bound to hydrophilic
globular proteins via complementary leucine zippers. Since
the critical solution temperature for the hydrophilic-to-
hydrophobic transition of ELP varies depending on its chain
length, concentration,** and attached cargo,*® two types of GPV
membrane structures (i.e., single-layered and double-layered)
can be achieved by altering self-assembly conditions that
dictate the molecular packing parameter.'”

Herein, we demonstrate the permeability changes of GPVs
with different membrane structures as a function of tempera-
ture. GPV membrane permeability can be directly manipulated
through control of solution temperature based on the LCST
behavior of ELP building blocks. Hence, we hypothesized that
the different membrane structures of GPVs will alter the
temperature responsiveness in terms of permeability. To test
this hypothesis, we systematically investigated the membrane
permeability of SLVs and DLVs, as a function of temperature
(25, 30, 34, and 37 °C), along with their membrane structure
and average size. Selective permeability of GPV membranes was
characterized through monitoring permeation of different sized
molecules with fluorescent tags at various temperatures. We
anticipate that the information about membrane permeability
and temperature responsiveness of GPVs would offer high
potential in many applications, such as thermally triggered drug
release or control over encapsulated enzymatic reactions.

Experimental
Materials

This work used two different types of recombinant fusion
proteins: Zg-ELP and mCherry-Zg. Zz-ELP is composed of an
arginine-rich leucine zipper (Zg) genetically fused with and
elastin-like polypeptide (ELP, [(VPGVG),(VPGFG)(VPGVG),]s),
and mCherry-Zg is a globular red fluorescent protein genetically
fused with a glutamic acid rich leucine zipper (Zg). The expres-
sion and purification steps of Zx-ELP and mCherry-Zg are
described in detail in the previous works.'® The size and purity
of the purified proteins were analyzed by SDS-PAGE. Fluores-
cent dyes used for encapsulation include calcein (ChemCruz),
azadibenzocyclooctyne-cyanine 5 (DBCO-Cy5) (Aldrich), coumarin
(Acros Organics), fluorescein sodium salt (Sigma), rhodamine B
(octadecyl ester perchlorate) (RhoB-OEP) (Chemodex).
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GPV formation by self-assembly

GPVs were prepared through mixing fusion proteins in a molar
ratio of 0.05 (mCherry-Zg to Zz-ELP) at concentrations of 60 pM
or 120 uM Zz-ELP to form single or double layered membranes,
respectively. All Zg-ELP protein is dissolved in 18 MQ c¢cm "
Milli-Q water, and all mCherry-Zg is dissolved in 1x phosphate
buffered saline (PBS). All solutions were mixed by pipette and
incubated for 15 minutes on ice. The fusion protein mixtures
were then incubated at 25 °C for one hour in a temperature
controlled digital incubator (H2200-HC, Benchmark Scientific).

GPV size and morphology characterization by DLS
and microscopy

The hydrodynamic diameter (D (nm)) of the self-assembled
vesicles was measured by dynamic light scattering (DLS) (Zeta-
sizer Nano ZS, Malvern Instruments). A 4 mW He-Ne laser
operating at a wavelength of 633 nm was equipped in the DLS
instrument and operated at a detection angle of 173° at
temperatures from 25 °C to 45 °C. Each 100 pL sample was
prepared in a microcuvette for DLS characterization. The
morphology of the protein vesicles was monitored using
epifluorescence and confocal microscopes under a 100x oil
objective lens (Axio Observer 7, LSM700, Carl Zeiss).

Dye encapsulation into GPVs

All dye encapsulations were performed through addition of
fluorescent dyes during the initial 15 min incubation period on
ice. 1 uL of dye stock solution in a concentration of 1 mg mL ™"
was added to 99 pL vesicle solution for all dye encapsulations to
achieve a final dye concentration of 10 ug mL™*. Hydrophilic
fluorescein sodium salt, coumarin, calcein, and Cy5 were
dissolved in water, whereas hydrophobic RhoB-OEP was dis-
solved in chloroform.

Fluorescence permeability assays

Fluorescence permeability assays were conducted using fluor-
escein isothiocyanate dextran (FITC-Dextran, Sigma) conju-
gated fluorescent dyes with dextran at different molecular
weights of 4 kDa, 10 kDa, 40 kDa, and 250 kDa. All the data
with 250 kDa was not reported as it is not permeable to GPVs in
all conditions tested in this work. We confirmed molecular
weight cut off (MWCO) of both SLVs and DLVs are smaller than
40 kDa at the temperature ranges we investigated. Additionally,
fluorescein disodium salt with molecular weight of 376.3 Da
was used to monitor permeation of 0.4 kDa molecules. To test
fluorescence permeability, protein vesicles were prepared as
described above then incubated at the target temperature
(25 °C, 30 °C, 34 °C, 37 °C) for one hour. 1 pL of FITC-Dextran
dyes at a concentration of 0.04 M were added to the 100 uL. GPV
solution and incubated at the target temperature for 10 minutes.
The GPV solutions were then imaged on the epifluorescent
microscope (Axio Observer 7, Carl Zeiss) and analyzed using the
Zen blue built-in fluorescence intensity profile tool. All graphical
elements were prepared using Igor Pro.

This journal is © The Royal Society of Chemistry 2023
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Transmission electron microscopy (TEM)

TEM samples were prepared using the negative staining agent,
phosphotungstic acid (Sigma-Aldrich). 5 pL of sample were
loaded onto a carbon film-coated TEM grid (300 MESH, Elec-
tron Microscopy Sciences) and left to settle for 15 minutes at
the target temperature. The solution was then removed via
blotting with filter paper and washed twice using Milli-Q water.
5 puL of a 0.5% PTA solution was placed on the grid for 10
seconds. The staining agent was then removed via filter paper
and the grid was washed twice using Milli-Q water, followed by
drying at the target temperature for 24 hours. All images were
captured at room temperature using a FEI SPIRIT 120 kV TEM.

Results and discussion

Jang et al. previously demonstrated that temperature and
concentration can tune the self-assembly of the mCherry-Zg
and Zi-ELP fusion protein complexes and enable formation
of either single-layered or double-layered GPVs.'” Herein, we

(A) mCherry-Zg/Zz-ELP
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characterized the dye encapsulation capabilities of GPVs with
two different membrane configurations (single layered vesicles
(SLVs) and double layered vesicles (DLVs)) using a diverse range
of dyes with different hydrophilicity. We mixed dyes with
mCherry-Zg and Zg-ELP protein solutions at 4 °C (in soluble
phase below the critical solution temperature) and induced
vesicle assembly by warming the solution to 25 °C (above the
critical solution temperature) to characterize where the dyes
locate.

Fig. 1 clearly shows the different membrane structures of
SLVs and DLVs. Both SLVs and DLVs can encapsulate hydro-
philic or relatively water-soluble dyes (i.e., fluorescein sodium
salt, coumarin, calcein, and Cy5) in the water-filled lumen.
GPVs are also capable of encapsulating hydrophobic dyes; in
fact, addition of hydrophobic rhodamine B octadecyl ester
perchlorate (RhoB-OEP) dyes confirmed the different structural
organizations of hydrophobic ELP domains in SLVs and DLVs.
DLVs encapsulate hydrophobic RhoB-OEP within the vesicle
membrane where ELP tails are buried, whereas SLVs encapsu-
late the hydrophobic dyes sequestered in the vesicle lumen.

Hydrophilic
Cargo inside
Vesicle Lumen

' Hydrophobic

] Cargo
;’."/\\}% ' near ELP
Fluorescein
Sodium Salt @ Coumarin Calcein Cy5 RhoB-OEP

Hydrophilic

4

Dyes Water Solubility

500 mg/ml

1.7 mg/ml

(€)

0.2 mg/ml

Insoluble
Hydrophobic

0.13 mg/mi

Fig. 1 (A) Schematic illustration showing recombinant fusion protein building blocks for membrane construction of single-layered vesicles (SLVs) and
double-layered vesicles (DLVs), along with the locations of encapsulated hydrophilic and hydrophobic cargo. (B and C) Fluorescent micrographs showing
encapsulation of diverse fluorescent dyes with different water solubility (fluorescein sodium salt, coumarin, calcein, Cy5, rhodamine B (octadecyl ester
perchlorate) (RhoB-OEP)) in (B) SLVs and (C) DLVs. All scale bars are 2 pm.
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SLVs have a hydrophobic ELP interface with the water-filled
vesicle lumen but still retain hollow vesicle structures due to
the steric hindrance of mCherry-Z; head groups and stiff Zy/Zy
modules at the surface, preventing SLV collapse to micellar
structure.'® Previous work clearly demonstrated that hollow
vesicle structure is made in the single-layered membrane
configuration (as shown in Fig. 1A) by several characterization
techniques including scanning electron microscopy, transmis-
sion electron microscopy, confocal microscopy, and small angle
neutron scattering.'®'” This unique single-layered membrane
structure of SLVs, having hydrophobic ELP tails exposed to the
water-filled vesicle lumen, enables encapsulation of both
hydrophilic and hydrophobic cargo inside the lumen.

The dye encapsulation experiments provided a basis for
selecting dyes for permeability studies, which should be encap-
sulated into the water-filled lumens of both SLVs and DLVs
with clear fluorescent signal detection distinguished from red
fluorescent mCherry. Since water-soluble fluorescein dyes ful-
filled the requirements, we performed membrane permeability
assays with fluorescein derivates conjugated with dextrans at
different molecular weights (e.g., fluorescein at 0.4 kDa, FITC-
dextrans at 4 kDa, 10 kDa, 40 kDa, and 250 kDa).

To confirm temperature-induced permeability changes of
GPVs, we added water-soluble fluorescein (0.4 kDa) to pristine
SLV vesicle solutions at 25 °C and 37 °C (Fig. 2A). We then
monitored the transport of the dyes from the surrounding
solution to the vesicle lumen through the membrane. Fig. 2B
shows that SLVs at 25 °C allow transport of 0.4 kDa fluorescein
dyes across the membrane; however, the membrane becomes
impermeable to the same dye at 37 °C. These results indicate
that the further hydrophobic collapse of ELP at higher tem-
peratures mitigates the transport of materials across the vesicle
membrane. The thermally induced inverse phase transition
temperature of ELP can be defined as the temperature where
ELP transitions from soluble to insoluble in aqueous solutions.
This transition temperature is typically characterized by the
temperature at which the optical density drastically increases in
the turbidity profile. The transition happened around 20 °C in
the SLV assembly condition (Fig. 2C). Since increasing the
temperature further above the transition temperature can
induce a tighter hydrophobic collapse of ELP, we attribute the
decreased membrane permeability of SLVs at 37 °C as com-
pared to 25 °C to this further hydrophobic collapse.

In order to estimate molecular weight cut off (MWCO) of
SLVs and DLVs, we repeated the dye permeability assays by
monitoring the transport of fluorescein derivates with dextrans
at different molecular weights (i.e., 0.4 kDa, 4 kDa, 10 kDa, 40
kDa, 250 kDa) and different solution temperatures (25 °C,
30 °C, 34 °C, and 37 °C). GPV membranes are considered
permeable to a specific-sized dye when the dye is observed to
diffuse across the membrane from outside to inside. By mon-
itoring the fluorescent signals within the vesicle lumen at the
target temperature, the MWCO for GPVs can be defined as the
molecular weight of the fluorescent dye at which transport
through the GPV membrane begins to be blocked at each
respective temperature. For example, Fig. 3 shows MWCO of
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Fig.2 (A) A fluorescent micrograph of pristine SLVs at 25 °C and a
scheme to show the transport of dye molecules through the membrane,
(B) fluorescent micrographs of SLVs upon addition of fluorescein at 25 °C
(left) and at 37 °C (right). Inset profiles indicate red and green fluorescent
intensity from mCherry and fluorescein, respectively. All inset scale bars
are 2 um. (C) Turbidity profile of a SLV solution, measured by UV

absorbance at 400 nm wavelength, as a function of temperature. The

heating rate is 1 °C min~™%.

SLVs at 25 °C is between 10 kDa and 40 kDa, as FITC-Dextrans
with less than 10 kDa molecular weights can permeate through
SLVs while 40 kDa and 250 kDa cannot. The vesicles that show
green fluorescence inside overlapped with red rings indicate
the mCherry-assembled vesicle membrane is permeable to
4 kDa and 10 kDa FITC-dextrans (Fig. 3A and B). On the other
hand, the red fluorescence only inside of the vesicles implies a
lack of 40 kDa and 250 kDa FITC-dextrans (Fig. 3C and D) due
to limited transport into the membranes. In this regard, we
defined the MWCO of SLVs at 25 °C as 40 kDa.

It is worth noting that more precise control over the mole-
cular weights of transport molecules would be necessary to
accurately characterize the MWCO of semi-permeable GPVs,

This journal is © The Royal Society of Chemistry 2023
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(C) FITC-Dextran (40 kDa)

(D) FITC-Dextran (250 kDa)

Fig. 3 Fluorescent micrographs of SLVs at 25 °C show selective perme-
ability of dyes depending on size. (A) 4 kDa and (B) 10 kDa FITC-dextrans
are able to permeate SLV membranes made of mCherry-Zg/Zg-ELP,
whereas (C) 40 kDa and (D) 250 kDa are not.

which is beyond the scope of our current study. More interest-
ingly, we found that the configuration of the membrane

25°C

(A) SLV

Permeable

Impermeable

(B) DLV

Permeable
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Fig. 4 Fluorescent micrographs of (A) SLVs and (
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structure of GPVs influenced the magnitude of the temperature-
induced permeability changes. As a result, the MWCO of SLVs
shows stronger dependence on solution temperature than DLVs.
We summarized the largest FITC-Dextran that is able to permeate
the membrane and the next largest FITC-Dextran that is unable to
permeate the membrane, assigned MWCO in this work, for both
SLVs and DLVs at each temperature in Fig. 4.

Specifically, green fluorescence from FITC-dextrans inside
red fluorescent GPVs indicates that the membranes are perme-
able for the specific-sized dyes to transport from outside into
the lumen (permeable; upper rows in Fig. 4A and B, respec-
tively). When the membranes become permeable to the dyes,
both SLVs and DLVs exhibit a unique phenomenon in which
dyes diffuse uphill. When fluorescent dyes are added to the
solution surrounding the vesicles, they first diffuse into the
lumen following the concentration gradient, then past equili-
brium, and continue to diffuse against the concentration
gradient to achieve a higher concentration inside the vesicles
than outside. Uphill diffusion has been described in mixtures
that contain multiple components, where the diffusion of one
species is closely linked to that of its partner species.** GPVs are
self-assembled from fusion protein complexes, and the vesicle
membranes contain multiple protein domains that can poten-
tially impact the diffusion of dyes via specific interactions. This
result indicates that passive diffusion is not the only process
governing the transport of dyes across the membrane.

37°C

Not Permeable
> 0.4kDa

) DLVs show the MWCOs at temperatures between 25 °C and 37 °C upon addition of variable

molecular weight FITC-dextran. The largest MW FITC dextran that is able to permeate the membrane is shown in the upper rows, and the next largest
dye that is unable to permeate the membrane, assigned MWCO, in this work is shown in the lower rows at each temperature. All inset scale bars are 2 pum.
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Therefore, we anticipate that other factors in addition to the
coupled diffusion effect may contribute to the driving force for
uphill diffusion. Nevertheless, it is obvious that SLVs show
more drastic changes in the dye sizes that can pass through the
membranes, with respect to temperature, as compared to DLVs.
When the GPV membranes are impermeable to FITC-dextrans
at given temperatures (impermeable; lower rows in Fig. 4A and
B, respectively) green fluorescent signal from the dyes is not
observed inside the vesicle lumen.

We attribute the unique dye diffusion behavior and different
thermal responses of SLVs and DLVs, which dictate membrane
permeability, to different ELP layer organizations. Several
attempts have been made to model the precise mechanism
behind the temperature responsive behavior and structural
transitions of ELP;*' however, the field does not yet agree on
one defined mechanism. Additionally, ELP-ELP association in
different self-assembled structures warrants future investiga-
tion. Therefore, we highlight the first report to our best knowl-
edge, demonstrating that the SLVs span a wide range of
MWCOs as a function of solution temperature, from 40 kDa
at 25 °C to less than 0.4 kDa at 37 °C, whereas DLVs exhibit a
smaller range of permeability changes than SLVs, from 10 kDa
at 25 °C to 4 kDa at 37 °C, over the same temperature window
(Fig. 5).

It is thought that the decrease in the ELP transition tem-
perature for DLV conditions (~15 °C), compared with SLV
(~20 °C), resulted in less responsiveness to the thermal gating
in the temperature window from 25 °C to 37 °C. We compared
the transition temperatures of ELPs in SLVs and DLVs from the
optical density profiles. We defined the transition temperature
as the temperature at which the turbidity began to increase
rapidly, indicating that soluble to insoluble transition in aqueous
solutions (Fig. S1 in ESIf). As a result, we anticipate that the
ELP domain is predominately responsible for the temperature-
responsive changes in permeability of GPVs as the other
membrane components have no known temperature response
over the temperatures tested. Thus, the increase in hydro-
phobic interactions between the ELP domains upon further
increase of the temperature above the critical solution

40
— SLV
= DLV
30

20
Impermeable

10

Permeable

Molecular Weight Cut Off (kDa)

1 I 1 1
26 28 30 32 34 36

Temperature (°C)

Fig. 5 Graphical representation of the MWCO of SLVs (red) and DLVs
(black) with respect to the temperature.
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temperature reduces the membrane permeability with tighter
membrane association and increased hydrophobicity against
water soluble dyes for both SLVs and DLVs with different
sensitivities.

We also attribute the difference in temperature response
between the two membrane configurations to the presence of
an ELP-water interface. As previously discussed, the rigid, rod-
shaped conformation of the leucine zippers and the steric
hinderance of the mCherry domains can maintain the hollow
structure of SLVs with the structural configuration of hydro-
philic mCherry-Zg/Zy at the surface and hydrophobic ELP faced
towards the water filled lumen.'®"” In this unique SLV struc-
ture, the increase of ELP hydrophobic collapse upon warming is
predicted to allow lateral contraction of protein building blocks
throughout the membrane as it increases phase separation of
ELPs in water. We predict that the mechanisms to explain these
changes in permeability of SLVs are analogous to the mechan-
isms used in literature to explain the cargo release of thermo-
responsive micelles. The immiscibility of hydrophilic arms and
hydrophobic cores of building blocks induce micellization
while encapsulating hydrophobic cargo inside. On the other
hand, the reduction of hydrophobicity in the hydrophobic cores
of micelles leads to swelling or disassembly of the micelle to
increase the permeability while also allowing the release of
encapsulants.®>*® In this way, lowering temperature results in
the increase of hydration of ELP domains in SLVs, allowing the
lateral swelling of the membrane with increased permeability.
Likewise, upon an increase in temperature, the change in
membrane association with the tighter binding of ELP laterally
and vertically throughout the membrane reduces the space
available for large FITC-dextran dyes to permeate. TEM images
confirmed that SLVs retain hollow vesicle structures at 25 °C
and 37 °C (Fig. S2 in ESIf).

In DLVs, similar to traditional liposomes and polymersomes,
hydrophobic RhoB-OEP is trapped within the membrane and
hydrophilic dyes are sequestered in the water-rich vesicle lumen.
This proves that DLVs have a bilayer membrane structure where
the hydrophobic ELP domains face each other on the interior of
the membrane and the hydrophilic mCherry and leucine zipper
exist at the outer and inner vesicle surfaces. Thus, we expect that
the lack of an ELP-water interface and steric hindrance between
globular proteins at both surface sides limit the lateral rearrange-
ment of ELP but allow its hydrophobic collapse in the direction
normal to the membrane upon increases in temperature. Also, the
ELP domains are thought to be more densely packed and have a
higher degree of hydrophobicity in double layered membranes,
resulting in smaller MWCO of DLVs (~10 kDa) than SLVs
(~40 kDa) at 25 °C. The more densely packed membrane of DLVs
sterically hinders the permeation of dyes across the membrane.
Upon increase of temperature, MWCOs of DLVs were not signifi-
cantly altered as compared to SLVs. We anticipate that the slight
decrease of permeability of DLVs at higher temperature (from
MWCO of 10 kDa at 25 °C to 4 kDa at 37 °C) is induced from more
compact packing of the membranes with ELP hydrophobic col-
lapse in normal direction coupled with a slight decrease in
solvation of the ELP tails. Similarly, it was reported that the

This journal is © The Royal Society of Chemistry 2023
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increased packing of lipid molecules decreases the permeability
coefficient in liposomes.*” Furthermore, recent report of polymer-
peptide and lipid—peptide vesicle membranes, which undergo
changes in membrane permeability in response to the secondary
structure transitions of hydrophobic peptides, support our
results.*®?°

Conclusion

Herein, we have demonstrated the unique thermal gating
properties of GPVs owing to the LCST behavior of the hydro-
phobic ELP domains in the vesicle membrane. Through com-
prehensive fluorescent dye permeability assays, we have
characterized the thermally induced permeability changes of
two different types of GPV membrane configurations. The
results revealed a higher sensitivity to thermal gating in a
single-layered configuration, which is the unique structure
found in GPV platforms, than in a double-layered vesicle. While
identifying the rearrangement of fusion proteins and asso-
ciated membrane structure changes in GPVs at the molecular
level warrants future investigations with other experimental
and computational methods, this is the first report, to our
best knowledge, of tunable membrane permeability of protein
vesicles in two different types of self-assembled membrane
configurations. Furthermore, various functional proteins can
be substituted in GPVs by designing fusion protein building
blocks through potential recombinant protein technology. Our
findings in this work would enable the introduction of a range
of permeability modulation over a small temperature control
range in diverse GPV platforms, including other functional
protein constituents. The effect of temperature and membrane
configuration of ELP in potential GPVs would also provide
critical information to develop new biomaterials and applica-
tions, such as drug delivery and synthetic protocells.
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