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Protocells Capable of Generating a Cytoskeleton-Like
Structure from Intracellular Membrane-Active Artificial
Organelles

Dishi Wang, Silvia Moreno,* Mengfei Gao, Jiaqi Guo, Bing Xu, Dagmar Voigt,
Brigitte Voit, and Dietmar Appelhans*

The intricate nature of eukaryotic cells with intracellular compartments having
differences in component concentration and viscosity in their lumen provides
(membrane-active) enzymes to trigger time- and concentration-dependent
processes in the intra-/extracellular matrix. Herein, membrane-active,
enzyme-loaded artificial organelles (AOs) are capitalized upon to develop
fluidic and stable proteinaceous membrane-based protocells. AOs in
protocells induce the self-assembly of oligopeptides into an artificial
cytoskeleton that underlines their influence on the structure and functionality
of protocells. A series of microscopical tools is used to validate the
intracellular assembly and distribution of cytoskeleton, the changing
protocells morphology, and AOs inclusion within cytoskeletal growth. Thus,
the dynamics, diffusion, and viscosity of intracellular components in the
presence of cytoskeleton are evaluated by fluorescence tools and enzymatic
assay. Membrane-active alkaline phosphatase in polymersomes as AOs fulfills
the requirements of biomimetic eukaryotic cells to trigger intracellular
environment, mobility, viscosity, diffusion, and enzymatic activity itself as well
as high mechanical stability and high membrane fluidity of protocells. Thus
membrane-active AOs in protocells provide a variable reaction space in a
changing intracellular environment and underline their regulatory role in the
fabrication of complex protocell architectures and functions. This study
contributes significantly to the effective biomimetics of cell-like structures,
shapes, and functions.
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1. Introduction

The intricate complexity of natural cells is
a source of inspiration for researchers in
synthetic biology and bioengineering for
several decades.[1–5] Due to the immense
potential in biomedicine and bioengineer-
ing, there is a growing interest in using of
biomimetic bottom-up technologies to re-
construct eukaryotic cells with mechanical,
morphological, and metabolic features.[4–6]

In pursuit of replicating eukaryotic cells
in both architecture and functionality,
researchers shift their focus from devel-
oping structurally simplified assemblies
for realizing individual characteristics of
cells to search for increasing structural
complexity while further diversifying their
functions.[1,5–7] Various kinds of cell-like
architectures such as polymersomes-in-
proteinosome,[8,9] coacervate-in-proteinos
ome,[10–12] coacervate-in-liposome,[13–15]

polymersomes-in-polymersome,[16,17] and
liposomes-in-liposome,[18,19] exist to imple
ment the concept of multi-compartmenta
lization. This endows these protocells
with morphology and functionality which
can be regulated and modulated to a
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certain extent, but achieving further progress to mimic a
cell’s complexity still remains a significant scientific challenge.
The ability to adjust the intracellular environment, to meet

physiological and metabolic demands, or to respond to exter-
nal environmental stimuli, is essential for cells to survive in
a dynamic environment. In this regard, the cytoskeleton in
cells is characterized by the continuous cytoskeletal assem-
bly/disassembly. It plays a pivotal role to support and enable
various cellular dynamic processes such as cell division, intra-
cellular transport, cell migration, and cell signaling.[20–22] Con-
siderable efforts for protocells are directed at reconstructing
artificial cytoskeleton to achieve structural and functional reg-
ulatory effects similar to their natural counterparts. Current
work in this area makes use, for example, of proteinaceous-,
amino acid and DNA-based scaffold combined with liposomal
and proteinaceous membranes,[9,23,24] or emphasizes the oper-
ability of the assembly/disassembly of the proposed synthetic
cytoskeleton.[25,26] However, the present efforts still have limi-
tations in providing enhanced mechanical properties of proto-
cells, even though recent achievements are made in liposome-
based protocells that regulate cell morphology and internal en-
vironment through diverse cytoskeleton assembly.[27–29] In addi-
tion, most of the work involving the reconstitution of the artificial
cytoskeleton presents only single-compartment platforms such
as liposomes,[27–30] proteinosomes,[24] and colloidosomes,[31,32]

which may be structurally inadequate to achieve more com-
plex cellular behavior in the future. Thus, it would be
highly interesting to validate the formation of cytoskeleton-
like structures in multi-compartmentalized protocells (e.g.,
AOs-based proteinosomes) and their influence on their shape
morphology.
To achieve the intracellular formation of cytoskeleton-like scaf-

folds, the gel-in-vesicle approach is primarily utilized in pre-
vious studies.[33–35] Specifically, vesicles are first prepared and
gelators are encapsulated within their lumens through post-
diffusion or in situ loading, and then external stimuli such
as pH,[36] light,[26,37] temperature,[38–40] ion strength,[41] or en-
zymatic activity[24,31,32,42] are applied to trigger gelation within
the vesicles. Among them, the enzyme-induced self-assembly
strategy of amino acids/oligopeptides into artificial cellular scaf-
folds is particularly significant, as it replicates the way, where
various biological structures are fabricated through selected as-
sembly processes in cells. Small subunits under the cataly-
sis of specific enzymes can self-assemble into highly ordered
and precisely controlled nano-/microstructures via non-covalent
interactions.[43,44] This provides a tool to gain deeper insights
into the origin of cytoskeletal elements in early cells, which
are typically composed of supramolecular combinations of var-
ious amino acid derivatives[45] or single nucleotides such as
5′-guanosine monophosphate.[46] Exemplifying this, Mann and
coworkers demonstrated the native alkaline phosphatase-(ALP)-
induced self-assembly of amino acid-based small hydrophobic
molecules, Fmoc- and phosphate-modified tyrosine (Fmoc-TyrP),
into the cytoskeleton-like scaffold in protocells.[24,31,32,42] How-
ever, due to the limited amphiphilic property of Fmoc-TyrP, the
formation condition for artificial cytoskeleton is highly demand-
ing (high concentration of precursors, highly active ALP, and
strong alkaline condition). This limits its potential applications
under physiological/mild condition. Notably, the oligopeptides

designed by Bing and co-workers can undergo dephosphoryla-
tion in cells with highly overexpressed ALP and can also con-
comitantly self-assemble under physiological conditions, with-
out excessive requirements for enzyme activity or oligopep-
tide concentration.[47–50] Due to their biocompatibility, chemi-
cal versatility, and enzymatic biodegradability, these oligopep-
tides are used in biomedical diagnostics and anticancer thera-
peutics. Therefore, we consider them highly attractive to be ex-
plored for the construction of cytoskeleton-like scaffolds inmulti-
compartmentalized protocells.
Recently, we developed a novel multi-compartmentalized pro-

tocell platform by encapsulating alkaline phosphatase-loaded
polymersomes (as AOs or ALP-Psomes) into proteinosomes.[8]

The integrated AOs in this biomimetic protocell possess self-
reporting characteristics triggered by pH-responsive ALP activ-
ity (highest at physiological pH, lower at acidic pH). Due to
the insertion of ALP in the membrane of AOs, the enzymatic
activity is not controlled by the pH-sensitive swelling of the
polymersome membrane. It shows the highest enzymatic activ-
ity for dephosphorylation reactions under physiological condi-
tions at which AOs membrane is in the collapsed state. More-
over, the membrane-integrated ALP in AOs offers improved
enzyme stability within the biomimetic protocell. It is not re-
leased at physiological and acidic pH, but provides a larger
contact area of the enzyme with substrate molecules.[8] Thus,
ALP in AOs may exhibit similar membrane-active properties
as those found in membrane enzyme-rich organelles or at the
cell membrane surface in nature.[47–50] Thus, the well-preserved
surface reactivity of ALP-Psomes allows for the utilization in
enzyme-induced self-assembly strategy when integrated into pro-
tocells, enabling the spontaneous assembly of disorderly dis-
persed subunits into organized intracellular microstructures and
cytoskeleton-like scaffolds. Such biomimetic cellular character-
istics of ALP-Psomes (Scheme 1a) are expected to imitate the
occurrence of physiological processes at biological membrane
interfaces.
Thus, this work aims to utilize the membrane-integrated and

membrane-active ALP in AOs to assemble customizable arti-
ficial cytoskeleton within multi-compartmentalized protocells
through an enzyme-induced self-assembly strategy (Scheme 1a).
This strategy offers the possibility to use time- and oligopep-
tide concentration-dependent parameters for the regulation of
the artificial intracellular environment (=growth of intracel-
lular scaffold in presence of AOs) and to study their influ-
ence on the changing protocell´s morphology. To this end,
ALP-Psomes as AOs in protocells (ALP-AOPS) are responsi-
ble for the dephosphorylation of oligopeptides to induce the
self-assembly of even more hydrophobic oligopeptides with-
out phosphate groups into nanofibers up to several microns
(Scheme 1b).
Prior to fabricating and characterizing the artificial cytoskele-

ton in ALP-AOPS, the ALP-Psomes-induced self-assembly of
oligopeptides into nanofibers is confirmed using dynamic light
scattering (DLS), optical density measurement, atomic force mi-
croscopy (AFM), transmission electron microscopy (TEM), and
confocal laser scanning microscopy (CLSM) techniques. The
same analytical techniques are used for the characterization
of multi-compartmentalized protocells, fabricated by the Pick-
ering emulsion process, and of artificial skeleton-containing
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Scheme 1. a) The regulatory role of the artificial cytoskeleton on the morphology of ALP-AOPS protocells during cytoskeletal growth. The intracellular
growth is a time- (Green process, 0–3 h) and concentration-dependent process (Yellow, 0–1.7 mm). b) Alkaline phosphatase-instructed dephosphory-
lation of precursors (Nap-FFK(NBD)pY) to produce hydrogelators (Nap-FFK(NBD)Y) and concomitant nucleation and growth of artificial cytoskeleton
via non-covalent interaction.

ALP-AOPS, generated by the post-diffusion of oligopeptides into
multi-compartmentalized protocells (Scheme 1a). The morphol-
ogy and stability of ALP-AOPS with the established intracellular
artificial cytoskeleton is additionally supported by cryo-scanning
electron microscopy (cryo-SEM). Moreover, the dynamics of in-
tracellular components before and after nanofiber formation in
ALP-AOPS are compared using the technology of fluorescence
recovery after photobleaching (FRAP). To support the presence
of intracellular dynamics in ALP-AOPS, changes in intracellu-
lar viscosity along with nanofiber formation are measured by
fluorescence anisotropy with respect to the incubation time and
oligopeptide concentration. Finally, to validate the effect of intra-
cellular viscosity on the diffusion of substrates, the enzymatic
reactivity of ALP in ALP-Psomes integrated in the presence of
nanofibers with different densities is compared using fluorescein
diphosphate (FDP) as a substrate.

2. Results and Discussion

2.1. Fabrication of Membrane-Active AOs: Proof of Concept of
Fiber Growth

As a first step toward cell-like protocells with different shapes
(Scheme 1a), artificial membrane-active organelles (membrane-
active AOs) based on ALP-Psomes (Figure S4, Supporting In-

formation) are constructed, as reported in our previous work.[8]

Briefly, native ALP is added during the self-assembly (in situ)
of pH-responsive and photo-cross-linkable amphiphilic block
copolymer PEG45-b-P(DEAEMA-s-DMIBMA)94 (Figure S1, Table
S1, Supporting Information) into enzyme loaded Psomes (Figure
S4, Supporting Information).[51–53] Afterward, the as-formed
ALP-Psomes are irradiated by UV light to crosslink the mem-
brane, followed by the purification by hollow fiber filtration
(HFF) to remove the unloaded ALP. The loading efficiency
(22.21%, 0.044 mg mL−1) is determined using labelled ALP
by fluorescence intensity (Figure S5, Supporting Information).
Cryo-TEM investigation provides that ALP-Psomes exhibit a
similar vesicular structure as found for Empty-Psomes (Figure
S6, Supporting Information, further details on diameters and
membrane thickness). The pH titration and reversible pH
switch studies demonstrate that ALP-Psomes share similar pH-
responsiveness and structural robustness as Empty-Psomes in
1 mm PBS (Figure S3a,b, Supporting Information) and the pre-
viously reported Enzyme-Psomes.[51,53,54] Moreover, the retention
of ALP in Psomes membrane of ALP-Psomes is validated. As
expected from the previous study,[8] no significant ALP leak-
age is observed by a dialysis study at physiological pH (Figure
S3c, Supporting Information). Overall, in accordance with our
previous study,[8] the ALP-Psomes fabricated here show the ex-
pected characteristics and ALP storage over time to provide their
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Figure 1. a,b) Characterization of nanofiber triggered by ALP-Psomes in bulk. DLS study on the size distribution of ALP-Psomes and Empty-Psomes in
the presence of Nap-FFKpY precursors as a function of time. c) Plots of optical density are shown for ALP-Psomes and Empty-Psomes in the presence
of Nap-FFKpY precursors as a function of time. For the studies in (a–c), ALP-Psomes or Empty-Psomes (0.5 mg mL−1) are preincubated with non-
labelled 0.7 mm Nap-FFKpY precursors in 10 mm PBS. d) Optical images of Empty-Psomes (bottom) and ALP-Psomes (top) in the presence of 0.7 mm
Nap-FFKpY precursors after 3 h incubation. e) Schematic description of the fiber formation instructed by the membrane-active AOs. f) CLSM images of
ALP-Psomes in the presence of 0.7 mm Nap-FFK(NBD)pY precursors as a function of time. g) TEM images of ALP-Psomes in the presence of 1.2 mm
Nap-FFKpY precursors at selected time points.

surface-activity on demand for the final nanofibers formation in
different environments.
Nap-FFK(NBD)pY oligopeptides (with and without fluores-

cence unit, NBD,) are selected as precursors (Scheme 1b) for
the formation of nanofibers in bulk solution (Figure 1) and
of the artificial cytoskeleton (Figures 3 and 4). Its adaptabil-
ity for nanofiber formation consists of three key components:
i) a well-studied self-assembling backbone (i.e., a diphenylala-
nine capped with naphthalene (Nap-FF)). The aromatic groups
of the L-NAP and L-Phe residue provide sufficient hydropho-

bic interactions to enable the self-assembly of the dephospho-
rylated substrate Nap-FFKY to form nanofibers in an aqueous
solution; ii) an l-phosphotyrosine (i.e., Yp) to serve as an en-
zymatic trigger. Nap-FFKpY will be converted to Nap-FFKY af-
ter the dephosphorylation by membrane-integrated ALP in ALP-
Psomes (Scheme 1a); iii) a fluorescent indicator (i.e., NBD)which
will facilitate the fluorescentmicroscopic investigations. The self-
assembly of Nap-FFK(NBD)pY oligopeptides and its analogues
into nanofiber/hydrogel, mediated by native ALP in vitro or in
vivo, is known.[47,48,50,55] Herein, we use the Nap-FFK(NBD)pY
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Figure 2. a) Visualization of as-prepared AOPS-ALPmicrostructures. Schematic describing the architecture of ALP-AOPS with i) ALP-Psomes mimicking
AOs and ii) proteinosomes mimicking cellular membranes. TEM images of b) an empty proteinosome and c) an ALP-AOPS structure. d) The magnifi-
cation image of AOPS presents the intact structure of ALP-Psomes and the partial membrane edge of proteinosome. Both two samples were stained
with 2% uranyl acetate. CLSM images of e) AF488-ALP-Psomes, and f) RhB-labelled proteinosomes in aqueous solution. g) Merged image shows the
colocalization of ALP-Psomes and BSA-PNIPAAm bioconjugates in ALP-AOPS. h) Corresponding line profile (white dashed line in (g)) of green and red
fluorescence intensity across the ALP-AOPS microstructure.

oligopeptide to mimic and reconstruct the artificial cytoskeleton
biomimetically by carrying out a local enzymatic reaction from a
surface active nano-compartment, ALP-Psomes.
Induced by the dephosphorylation via membrane-active ALP-

Psomes, the self-assembly of Nap-FFK(NBD)pY oligopeptides
into nanofiber is confirmed by TEM and AFM (Figure S8, Sup-
porting Information). A minimum precursor concentration of
280 μm is required for the nanofiber formation (Figure S9, Sup-
porting Information). Above this concentration long, uniform,
and flexible nanofibers (nano is related to the width of the
nanofibers) are visualized using TEM, outlining an average width
of 7 ± 2 nm and a length of several micrometers. This observa-
tion is consistent with previous reports in the literature.[47] The
nanofiber formation process is alsomonitored byDLS and optical
density (OD600) using Empty-Psomes as a control. After the addi-
tion of precursors, the hydrodynamic diameter of ALP-Psomes
slowly increases to several micrometers within 3 h, accompa-
nied by a gradual increase in size distribution. At the same time
Empty-Psomes maintain a relatively stable size and size distri-
bution throughout the process (Figure 1a,b; Table S2, Support-
ing Information). The same conclusion can be made from the
turbidity measurements, as the optical density of ALP-Psomes
increases significantly over time (Figure 1c,d), while that of the
Empty-Psomes remain at their initial level throughout the pro-
cess. These results indicate that nanofiber growth is a time-
dependent process andmay lead to the formation ofmicron-scale
aggregated nanofibers induced by ALP-Psomes, also assuming
the integration of ALP-Psomes in those formed aggregates in so-
lution.

Subsequently, to gain more insight into the morphology of
these aggregates, the growth process is studied at different stages
by CLSM (precursor is fluorescently labelled with NBD) and
TEM. Along with the enzymatic dephosphorylation, the mixture
of ALP-Psomes and precursors become more identifiable, evolv-
ing from evenly distributed fluorescence (10 min) to uniformly
distributed bright spots (30 min) and eventually to irregularly
shaped micro-sized aggregates (1 h) (Figure 1f). In the case of
Empty-Psomes no shape-defining objects can be detected dur-
ing this process (Figure S10, Supporting Information). As shown
by TEM images in Figure 1g, initially short worm-like filaments
arise (10 min), which turn to be longer filaments after 30 min.
At 3 and 6 h, in addition to a denser nanofiber distribution, the
clustering between ALP-Psomes and formed nanofibers can also
be observed. In the case of Empty-Psomes (Figure S11, Support-
ing Information), no evidence of nanofiber formation is given
throughout the process, except for some adsorption of precur-
sors on ALP-Psomes surface, driven by non-covalent interac-
tions. Overall, we can state that the surface-active characteristic
of ALP-Psomes is optimal for initiating the self-assembly of Nap-
FFK(NBD)pY oligopeptides into (aggregated) nanofibers.

2.2. Fabrication and Characterization of AOPS with Internal
Nanofiber as a Cytoskeleton-Like Scaffold

To establish hierarchically structured protocells (Scheme 1a),
proteinosomes are chosen as biomimetic cellular membranes
to enclose membrane-active AOs and to serve as hosts to
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Figure 3. Characterization of AOPS with internal nanofiber as cytoskeleton. a,b) Schematic description of intracellularly cytoskeleton formation triggered
by ALP-AOPS. Comparison of CLSM images of ALP-AOPS in the presence of 0.7 mmNap-FFK(NBD)pY precursors for a) 10 min and b) 6 h. TEM images
of ALP-AOPS before the addition of c) 1.2 mm Nap-FFKpY precursors, and d) 30 min, e) 3 h, and f) 6 h after the addition of 1.2 mm precursors. g–i)
Cryo-SEM images of ALP-AOPS filled with nanofiber scaffolds, presenting non-spherical protocell morphologies after ≥12 h, as well as j) the image after
prolonged electronic irradiation.

accommodate the continuously forming artificial cytoskeleton
derived from self-assembled oligopeptides. The selection of pro-
teinosomes is motivated by the following factors: i) the hollow
cavity enables efficient encapsulation of a wide range of aque-
ous nanometer-sized cargoes, including ALP-Psomes, with high
loading efficiency;[8,9,52] ii) the covalently crosslinked proteina-
ceousmembrane provides robustness but also flexibility and elas-
ticity due to a well-balanced crosslinking of BSA-PNIPAAm bio-
conjugates, allowing for the uninterrupted growth of nanofibers
within the protocell without the risk of membrane rupture.
In contrast, commonly used microscale vesicles such as poly-
mersomes and liposomes suffer from inadequate mechanical
properties;[56–58] iii) the semi-permeability of the proteinosome
membrane ensures a constant exchange of substances between
the interior and exterior of protocells.[8,52,59]

To encapsulate AOs into proteinosomes, ALP-Psomes are
mixed with BSA-PNIPAAm bioconjugates in the aqueous solu-
tion and then emulsified with the oil phase, generating water-

in-oil emulsion (Figure S12, Supporting Information). In this
course, BSA-PNIPAAAm bioconjugates with amphiphilic prop-
erty work as surfactants to stabilize the resulting emulsion
at the interface, while ALP-Psomes are partitioned within the
aqueous droplet. After membrane crosslinking and phase trans-
fer, ALP-Psomes-containing proteinosomes (ALP-AOPS) are ob-
tained (Figure 2a).[8] The encapsulation of ALP-Psomes by pro-
teinosomes is verified by TEM study. In comparison to empty
proteinosomeswith their rather transparent proteinaceousmem-
brane (Figure 2b), polymersome-like particles can be clearly vi-
sualized within the lumen of ALP-AOPS. This observation indi-
cates that the encapsulated ALP-Psomes remain structurally in-
tact after encapsulation (Figure 2c,d). The structural composition
of the resulting ALP-AOPS is further confirmed by CLSM study
(Figure 2e–h). To visualize each building blocks in ALP-AOPS,
ALP, and BSA-PNIPAAm bioconjugates are fluorescently la-
belled with AF488 and rhodamine B (RhB), respectively. The elec-
trostatic repulsion between ALP-Psomes and BSA-PNIPAAm
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Figure 4. Study of intracellular growth process and morphological transformation. a–d) CLSM images, and e–h) statistical distribution of sectional area
of ALP-AOPS after the incubation with Nap-FFK(NBD)pY precursors at concentrations of a,e) 0.45 mm, b,f) 0.7 mm, c,g) 1.2 mm, and d,h) 1.7 mm for
3 h in 10 mm PBS. Statistical distributions of sectional area of ALP-AOPS are calculated from fluorescence microscopy images by manually analyzing
50 proteinosome particles via ImageJ. Average grey value per ALP-AOPS is calculated from fluorescence microscopy images by manually analyzing 50
proteinosome particles via ImageJ. Time-dependent confocal microscopy showing in situ growth of the Nap-FFK(NBD)pY nanofiber within a single ALP-
AOPS produced by addition of Nap-FFK(NBD)pY at i) 0.7 mm and j) 1.2 mm to the external phase of a dispersion of ALP-AOPS. j) Note the large degree
of microcapsule shrinkage accompanying the gelation process. Note: the full-time CLSM observation of ALP-AOPS in the presence of Nap-FFK(NBD)pY
(0.7 and 1.2 mm) is presented in Figure S19, Supporting Information.

preferentially leads to a distinct separation in their respective
locations (Figure S7, Supporting Information), as evidenced by
the line profile of Figure 2h. Considering the uniform green and
red fluorescence throughout the interior of AOPS, this suggests
that ALP-Psomes are homogeneously distributed in the lumen of
AOPS. In opposite,most of RhB-labelled BSA-PNIPAAmbiocon-
jugates are assembled into the outer membrane of AOPS. Taken
together, multi-compartmentalized protocells with a semiperme-

able crosslinked membrane and loaded with membrane-active
AOs are successfully constructed and are ready for the next steps
in our study.
Using the permeability of ALP-AOPSmembrane for capturing

cargo below 40 kDa, we apply a post-loading strategy of oligopep-
tide precursors to let diffuse them inside of ALP-AOPS and then
to immediately start their self-assembly into nanofibers in a de-
fined confinement (Scheme 1a).[8,9,59] Theoretically, the added
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precursor will diffuse through the ALP-AOPS membrane, un-
dergo dephosphorylated, and concomitantly self-assemble into
nanofibers. This process is illustrated in Figure 3a,b, initially val-
idated through CLSM study, with ALP-Psomes homogeneously
distributed within the lumen of ALP-AOPS (Figure 2h). Fol-
lowing treatment with ALP-AOPS after 10 min, the precur-
sors (shown by the green fluorescence) are uniformly dispersed
within the lumen of the proteinosomes, but in addition prefer-
entially adsorbed onto the proteinosome membrane (Figure 3a).
This effect is possibly caused by the electrostatic attraction be-
tween the negatively charged precursors and positively charged
BSA-PNIPAAm and ALP-Psomes (Figure S7, Supporting Infor-
mation). It is assumed that the proteinaceousmembrane of ALP-
AOPS acts as a diffusion barrier to slowly release the precursor
to cationic ALP-Psomes in the lumen of ALP-AOPS. After 6 h
of incubation, the fluorescence distribution of dephosphorylated
oligopeptide-based nanofibers in AOPS becomes heterogeneous
(Figure 3b). This heterogenization implies a preferred clustering
between ALP-Psomes and nanofibers inside ALP-AOPS, simi-
lar to the previous study in bulk solution (Figure 1d). It cannot
be excluded that there are also interacting nanofibers along the
cationic proteinaceous membrane of ALP-AOPS after 6 h.
To further verify this observation, TEM is undertaken to vi-

sualize the ALP-AOPS at specific time points. Prior to the ad-
dition of Nap-FFK(NBD)pY precursors, imaging of ALP-AOPS
displays the highly electron-transparent proteinosome mem-
brane edge along with integrated ALP-Psomes (Figure 3c; Figure
S13, Supporting Information). After 30 min of adding Nap-
FFK(NBD)pY precursors, the structural features of ALP-Psomes
become blurred, and ALP-AOPS still exhibit a partially electron-
transparent proteinosome membrane without any nanofibers
formed on the external surface of ALP-AOPS. This development
indicates that the formation of nanofibers may remain pref-
erentially confined to the interior of ALP-AOPS at this stage
(Figure 3d). At the 3 h time point, nanofibers growth starts from
the inner lumen of ALP-AOPS and extends to the outside of ALP-
AOPS membrane. Additionally, ALP-AOPS exhibit an electron-
dense microsphere, which is associated with the increasing den-
sity of nanofibers growing in the inner lumen of proteinosomes
(Figure 3e). After 6 h, the lumen of proteinosomes is typically
packed with nanofibers (Figure 3f). However, the diffusion of a
large excess of Nap-FFK(NBD)pY precursors from the external
phase into the lumen of proteinosomes is still possible; these
oligopeptides will be dephosphorylated by ALP-AOPS, and fur-
ther assembled. This process explains the further outgrowths of
nanofibers through a still permeable ALP-AOPS membrane af-
ter 6 h (Figure 3f). In contrast, no fibers formation is observed
throughout the process after adding Nap-FFK(NBD)pY precur-
sors to empty AOPSdue to the absence of ALP enzyme in Psomes
(Figure S14, Supporting Information). Overall, the TEM investi-
gation verifies the growth process of nanofiber assemblingwithin
AOPS and their gradual extent to the outside ALP-AOPS mem-
brane.
Finally, cryo-SEM allows further insights into the structural

features of ALP-AOPSwith embedded (aggregated) nanofibers in
their lumen. Due to the instability of water-rich containing sys-
tem under cryo-SEM conditions (e.g., prolonged electron beam),
it is not possible to verify intact proteinosome structures for ALP-
AOPS without oligopeptides, where no cytoskeleton-like scaffold

can be formed within the proteinosome. The ALP-AOPS outer
membrane immediately collapses and disintegrates (Figure S15,
Supporting Information). This alteration is consistent with our
previous cryo-SEM investigation.[52] However, due to a stabiliz-
ing effect of the formed nanofibers in ALP-AOPS in the pres-
ence of oligopeptides (after incubation for 12 h), intact ALP-
AOPS can be verified (Figure 3g–i; Figure S16, Supporting Infor-
mation). The ALP-AOPS do not show a perfect spherical struc-
ture, for example, as observed by CLSM, Figure 3a,b) but other
non-spherical protocell morphologies. These shapes can be a re-
sult of rigid scaffold formation. The well-preserved structural in-
tegrity of the single ALP-AOPS architecture demonstrates that
the nanofiber-based scaffold with cytoskeleton-like characteris-
tics effectively enhances themechanical properties of ALP-AOPS
with a proteinaceous membrane. We can further observe that the
membrane of ALP-AOPS is only slightly disrupted even after pro-
longed electron beam during cryo-SEM investigation, showing
some hydrogel-like porous areas of the ALP-AOPS membrane
(Figure 3i,j; Figure S16a,b, Supporting Information). This ap-
pearance implies a significantly higher stability of ALP-AOPS af-
ter prolonged electron beam for the enlargement of ALP-AOPS
membrane compared to ALP-AOPS membrane. A closer exami-
nation of the ALP-AOPS membrane confirms the presence of a
porous cytoskeleton-like scaffold widely distributed throughout
the lumen of ALP-AOPS after prolonged electron beam (Figure
S16c, Supporting Information). We assume that the fibrillar mi-
crostructures originated from the inner lumen stabilize the outer
membrane of ALP-AOPS also under prolonged electron beam.
Overall, it can be stated that the self-assembly of precursors into
artificial cytoskeleton is well available and highly reproducible,
using the enzymatic activity of membrane-active AOs, and leads
to a significantly more mechanically stable protocell structure.

2.3. Intracellular Growth of Artificial Cytoskeleton and
Morphological Transformation of Protocells: Concentration- and
Time-Dependent Process

Concluding previous results (Section 2.2), intracellular construc-
tion of artificial cytoskeleton can be initiated by our membrane-
active AOs in ALP-AOPS (Scheme 1a). Next, a notable and ben-
eficial characteristic of the cytoskeleton is its capacity to regulate
cellular physiological activities by modulating the intracellular
environment. This feature is often attributed to different states
of the crowdedness of intracellular components, also visible by
a change in the intracellular viscosity, reorganization, and par-
tial morphological alteration of cells. Concentration- and time-
dependent parameters are applied to investigate the regulatory
role of the artificial cytoskeleton on our protocells.
Thus, ALP-AOPS are preincubated with various precur-

sor concentrations. The CLSM investigation reveals that
ALP-AOPS maintain a spherical shape when incubating
them with precursors at relatively low concentrations (0.45
and 0.7 mm) (Figure 4a,b; Figure S17a,b, Supporting In-
formation). After 3 h AOs-mediated nanofiber growth,
intracellular fluorescence becomes progressively heteroge-
neous (Figure 4i; Figure S18a, Supporting Information).
Interestingly, as the precursor concentration is increased to
1.2 mm, besides heterogeneously increasing fluorescence
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Figure 5. Simplifiedmechanism on the assembled nanofibers in the presence of AOs, ALP-Psomes, through the concentration-dependent process. Mor-
phological transformation, at 3 h incubation time for each concentration, from spherical-like shapes (0.45 and 0.7 mm) into irregular shapes (≥1.2 mm),
triggered by non-covalent interactions (ionic and hydrophobic) between the cationic proteinaceousmembrane and ALP-Psomes and (anionic) hydropho-
bic nanofibers. a)Water repulsion can be also assumed from inside to outside. b) Selected CLSM images of individual protocells at various concentrations
after 3 h incubation of precursor.

distribution, ALP-AOPS undergo unexpected morphological
transformation processes (e.g., a kind of shrinkage), becoming
non-spherical and of irregular shapes (Figure 4c,j; Figures
S17c,S18b, Supporting Information). The morphological trans-
formation processes become even more pronounced, when
the concentration is further increased to 1.7 mm (Figure 4d;
Figure S17d, Supporting Information). To elucidate this phe-
nomenon, statistical analysis of the sectional area of individual
ALP-AOPS (Figure 4e–h) suggests that the maximal statistical
area of ALP-AOPS is in the range between 90 and 300 μm2

by varying the concentration of precursors for nanofiber for-
mation. Additionally, the density of the nanofibers assembled
in the ALP-AOPS lumen increases with the incubated pre-
cursors concentration (Figure S19, Supporting Information).
However, the control experiments involving the incubation
of empty AOPS with precursors (at concentrations of 0.7 and
1.2 mm) do not show significant alterations in fluorescence

distribution or volume contraction, regardless of the durations
of incubation or the concentration of the precursors (Figure
S20, Supporting Information). We attribute this intracellular
reorganization and morphological transformation processes
(=deformation processes of “spherically shaped ALP-AOPS”)
to the electrostatic interaction of negatively charged nanofibers
with the rest of the positively charged intracellular compo-
nents (Figure S7, Supporting Information). In addition, the
increasing hydrophobicity of the internal cavity can be another
potential driving force previously reported.[47,60] Figure 5 briefly
summarizes a simplified mechanisms for cytoskeleton-like
scaffold formation and morphological transformation pro-
cesses, also known from liposomal systems.[27–29] Driven by
the continuous process of dephosphorylation and subsequent
self-assembly, the precursors are condensed and concomitantly
assembled into nanofibers within the ALP-AOPS. Initially,
the growing nanofibers trigger intracellular clustering with
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ALP-Psomes. As the concentration of the negatively charged
precursor in contact with ALP-AOPS increases, the continuously
growing nanofibers further interact with cationic proteinosome
membranes through electrostatic interactions, leading to their
inward contraction. Meanwhile, evolving nanofibers might
also provide a progressively enhanced local hydrophobic envi-
ronment, promoting the expulsion of water and, thus, trigger
the collapse of proteinosome morphology.[47,60] Although it is
still tricky to figure out which factor is dominating, it can be
concluded that ALP-AOPS in the presence of a higher concen-
tration of precursors can fabricate an increasing nanofiber-based
scaffold density in the cavity of ALP-AOPS.
Finally, this results in a larger volume contraction and

also confirms the validated mechanical stability of artificial
cytoskeleton-based ALP-AOPS under cryo-SEM conditions. This
reinforcement also implies that postulated interactions of fib-
rillar microstructures of assembled oligopeptides and proteina-
ceous membrane of ALP-AOPS exist (Figure 3g–j). Overall,
this also shows us that the proteinaceous membrane of ALP-
AOPS outlines a high robustness and high state of elasticity
due to the presence of crosslinked proteinaceous membrane of
ALP-AOPS.

2.4. Dynamics and Viscosity of Artificial Skeleton-Based
ALP-AOPS and Their Influence on ALP Activity

The final consideration is directed to validate the dynamics of
ALP-Psomes as AOs and their enzymatic activity under the estab-
lished nanofiber-based cytoskeleton-like scaffold in the protocells
of ALP-AOPS.
Therefore, there is a need to study the dynamics of nanofiber-

based scaffold in ALP-AOPS. For that, FRAP is undertaken
by photobleaching a small fluorescent region within ALP-
AOPS.[15,61] Empty AOPS pretreated with precursors are also
used as a control. FRAP measurements are carried out after 6 h
incubation for both protocell systems, using 0.7 mm precursor.
Following local photobleaching, a gradual recovery of fluores-
cence up to 75% of the original value within 2 min can be ob-
served in empty AOPS (Figure 6a, bottom; Figure 6b). This find-
ing indicates that the mixture of Empty-Psomes and precursors
still possesses a certain degree of dynamics and mobility within
the AOPS. In contrast, the bleached region of fluorescent aggre-
gated nanofibers with AOs in ALP-AOPS exhibits no significant
fluorescence recovery within the same time frame (Figure 6a,
top; Figure 6b). The mobility fraction of nanofiber-filled ALP-
AOPS is 0.06, which is considerably lower than that of the con-
trol (0.76) (Figure S21, Supporting Information). This result in-
dicates that the enzymatic dephosphorylation of the precursor by
ALP-Psomes and subsequent spontaneous self-assembly of the
nanofibers result in the formation of a relatively rigid intracellu-
lar scaffold with low dynamics. The rigidity of nanofibers/ALP-
Psomes-based scaffold formed within ALP-AOPS also leads to
the enhanced mechanical stability of ALP-AOPS (membrane), as
discussed for the cryo-SEM results (Figure 3g–j).
To gain a deeper understanding of the effects of nanofiber

growth on the fluidity and viscosity of the intracellular microen-
vironment, the motility of intracellular components in ALP-
AOPS is determined by measuring fluorescence anisotropy of

integrated ALP-Psomes (Figure S22, Supporting Information).
To this end, RhB-labelled block copolymers are synthesized
for the fabrication of ALP-Psomes-RhB (Figures S2 and S4,
Table S1, Supporting Information), while both ALP and pre-
cursors used in this study are non-fluorescently labelled. Sub-
sequently, to monitor changes in intracellular viscosity result-
ing from nanofiber formation, different concentrations of non-
labeled precursors in ALP-AOPS-RhB are used to evaluate the
fluorescence anisotropy at specific time intervals, using empty
AOPS-RhB as a control. Based on the positive correlation be-
tween fluorescence anisotropy and viscosity (Figure S23, Sup-
porting Information), the local viscosity in ALP-AOPS is po-
tentially controllable through the degree of precursor addition.
This correlation is confirmed by the precursor concentration-
dependent fluorescence anisotropy of ALP-AOPS-RhB. Thus,
higher precursor concentrations result in elevated levels of flu-
orescence anisotropy as proven for ALP-AOPS-RhB after 3 h of
incubation (Figure 6C). In contrast, empty AOPS-RhB exhibit no
significant changes in fluorescence anisotropy with respect to the
precursor concentration or incubation time (Figure 6C). Over-
all, we can state that the viscosity of the internal environment
is adjustable through the self-assembly of oligopeptides into
nanofibers-based scaffold in protocells, induced by ALP Psomes.
Such manipulation of the intracellular microenvironment allows
for modulating the activity of embedded enzymes in the proto-
cells of ALP-AOPS.
To assess this potential enzyme modulation, the enzymatic re-

activity of ALP-Psomes is examined by utilizing small molecule
non-fluorescent FDP as a substrate and its quantified dephos-
phorylation to a fluorescent product, fluorescein (Details in Sup-
porting Information). In the presence of a nanofiber-based scaf-
fold in ALP-AOPS, the enzymatic activities at different pH val-
ues are compared, indicating that the pH-responsive nature of
ALP can be preserved effectively. This preservation implies that
the ALP characteristics in the protocells are not suppressed in
the presence of a nanofiber-based scaffold (Figure S24, Support-
ing Information). Moreover, ALP-AOPS with embedded 0.7 mm
nanofibers-based scaffold exhibit a relatively lower activity than
that of water-filled ALP-AOPS. This lower activity is obviously at-
tributed to the kinetic limitations arising from the reduced dif-
fusion rate of the substrate through the viscous supramolecular
scaffold (Figure 6D). Such a reduction in enzymatic dephospho-
rylation is more pronounced in ALP-AOPS containing 1.7 mm
nanofibers-based scaffold, showing a threefold decrease com-
pared to water-filled ALP-AOPS. This result is in good agreement
with the concentration-dependent viscosity modulation of the in-
tracellular environment revealed by the fluorescence anisotropy
study.

3. Conclusions

In conclusion, ALP-Psomes-based AOs successfully outline the
expected membrane-active characteristics as known from cells to
carry out dephosphorylation reactions in different intracellular
environments. Due to enzymatic dephosphorylation reactions,
these AOs possess the capability to induce the self-assembly
of oligopeptides into nanofibers via non-covalent interactions.
Such membrane-driven dephosphorylation of AOs is still effec-
tive for the formation of a fibrillary artificial cytoskeleton within
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Figure 6. a,b) Dynamics and viscosity-like characterization of nanofiber within ALP-AOPS. FRAP study: Confocal fluorescence microscopy images of
a representative ALP-AOPS (a-top) and empty AOPS (a-bottom) in the presence of 0.7 mm precursors after 6 h incubation; b) corresponding FRAP
recovery curves for ALP-AOPS and empty AOPS after precursor treatment. c) Time-dependent fluorescence anisotropy study: ALP-AOPS in the presence
of precursors (blue curve: 1.7 mm, red curve: 0.7 mm) and empty AOPS in presence of precursors (grey curve: 1.7 mm, black curve: 0.7 mm, controls).
d) Enzymatic reaction rates in ALP-AOPS (black with no precursor, red with 0.7mmprecursor, blue with 1.7mmprecursor), conversion of non-fluorescent
FDP as substrates into fluorescein. Enzyme assay conditions in Supporting Information.[8]

multi-compartmentalized protocells. The intracellular construc-
tion of the cytoskeleton-like scaffold in protocells is driven by
the electrostatic interactions between the developing artificial
cytoskeleton and the intracellular AOs and the outer proteina-
ceous membrane of protocells and is proven to be a time- and
concentration-dependent process at physiological (=cytosol-like)
conditions.
Thus, the increasing artificial cytoskeleton growth leads to a

significant reduction in themobility of themembrane-active AOs
due to their integration in the cytoskeleton-like scaffold. Notewor-
thy, the desired enzymatic activity of ALP in AOs is still given,
proven by the FDP assay after the formation of nanofibers-based
scaffold within protocells. However, the ALP activity is dependent
on the nanofibril density. Proven crowdedness, increased viscos-

ity, and reduced diffusion rate of FDP substrate in the intracel-
lular environment of protocells with increased cytoskeleton-like
scaffold density are also accompanied by morphological transfor-
mation processes. ALP-AOPS change from spherical-like shapes
into irregular protocell shapes when the oligopeptide concen-
tration with the resulting nanofiber formation reaches a suffi-
cient value (≥1.2 mm). Moreover, the crosslinked proteinaceous
membrane of AOs-based protocells provides a high robustness
and membrane elasticity to sustain bending and contraction pro-
cesses over time.
Finally, the formation of cytoskeleton-like scaffold induced by

AOs in our protocells and its influence on processes in the intra-
cellular environment follow the same rules (e.g., concentration-
and time-dependent parameters, viscosity, and diffusion) as
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in their natural counterparts. The protocell platform, devel-
oped in this study, is suited to mimic some characteristics of
eukaryotic cells such as membrane-active AOs, enzyme-induced
non-covalently assembled cytoskeleton, and regulable cytoplasm
and enzyme reaction, high fluidity/elasticity of crosslinked
proteinaceous membrane, and high mechanical stability of
proteinosome-based protocells. The high flexibility of protocells
membrane offers the future integration of actin filament com-
ponents to study dynamic self-assembly and disassembly scaf-
fold processes accompanied with morphological transformation
processes for long-term use. It is expected that this artificial pro-
tocell holds great potential in synthetic biology and systems bi-
ology and may open new avenues for advancing eukaryotic cell
mimicry with autonomous and self-regulating basic structures
and functionalities.

4. Experimental Section
The synthetic protocols for block copolymers (BCPs) and BSA-PNIPAAm
bioconjugates, as well as the fabricationmethods for Empty-Psomes, ALP-
Psomes, proteinosomes and AOPS, are available in detail in the Support-
ing Information.

Characterization of Nanofiber Formation in Bulk—Determination of Mini-
mal Concentration of Precursors for Nanofiber Formation: 50 μL of purified
ALP-Psomes (CBCP: 0.5 mgmL−1, in 10 mM PBS, pH 7.4) were mixed with
50 μL of precursors Nap-FFK(NBD)pY (0.112, 0.28, 0.56, 1.12, 2.24 mm,
in 10 mm PBS, pH 7.4). After 3 h incubation at room temperature, 5 μL
of samples were taken for TEM investigation (Figure S9, Supporting Infor-
mation).

Characterization of Nanofiber Formation in Bulk—DLS Study: The size
distribution of ALP-Psomes (CBCP: 0.5 mgmL−1) after the addition of non-
labelled precursors (0.7 mm) in 10 mm PBS were monitored by DLS over-
time, and Empty-Psomes (CBCP: 0.5mgmL−1) sample treated with precur-
sors was set as a control (Figure 1a,b; Table S2, Supporting Information).

Characterization of Nanofiber Formation in Bulk—Optical Density Mea-
surements: The optical density of ALP-Psomes (CBCP: 0.5 mg mL−1) after
the addition of non-labelled precursors (0.7 mm) in 10 mm PBS was mon-
itored by UV–vis spectroscopy at 600 nm overtime, and Empty-Psomes
(CBCP: 0.5 mg mL−1) sample treated with precursors was set as a control
(Figure 1c).

Characterization of Nanofiber Formation in Bulk—CLSM Study: ALP-
Psomes (CBCP: 0.5 mg mL−1) after the addition of precursors (0.7 mm)
in 10 mm PBS were visualized by CLSM overtime, and Empty-Psomes
(CBCP: 0.5 mg mL−1) sample treated with precursors was set as a control
(Figure 1f, Figure S10, Supporting Information).

Characterization of Nanofiber Formation in Bulk—TEM Study: 50 μL of
purified ALP-Psomes (CBCP: 0.5 mg mL−1, in 10 mm PBS, pH 7.4) were
mixed with 50 μL of precursors Nap-FFKpY (2.24 mm, in 10 mm PBS, pH
7.4). 5 μL of samples were taken at the selected time points (30 min, 3 h,
and 6 h) for TEM investigation. The same study was carried out to Empty-
Psomes as control (Figure 1g; Figure S11, Supporting Information).

Characterization of Nanofiber Formation in ALP-AOPS—CLSM Study:
50 μL of ALP-AOPS (in 10 mm PBS, pH 7.4) were mixed with 50 μL of pre-
cursorsNap-FFK(NBD)pY (in 10mmPBS, pH 7.4). Then, 15 μL of samples
were pipetted into the sample holder and visualized by CLSM at selected
time points (Figure 3a,b).

Characterization of Nanofiber Formation in ALP-AOPS—TEM Study:
50 μL of ALP-AOPS (in 10 mm PBS, pH 7.4) were mixed with 50 μL of pre-
cursors Nap-FFKpY (in 10mm PBS, pH 7.4). 5 μL of samples were taken at
each of the selected time points (30 min, 3 h, 6 h) for TEM investigation.
The same study was carried out to Empty-AOPS as control (Figure 3c–f;
Figure S14, Supporting Information).

Enzymatic Activity in ALP-AOPS in the Presence of Nanofiber—
Comparison of Activity of ALP in the Presence of Various Densities of Nanofiber:

50 μL of ALP-AOPS (in 10 mm PBS, pH 7.4) were mixed with selected vol-
umes (0, 10.6, 21.4, 41 μL) of precursor Nap-FFKpY (4 mm, in 10 mm
PBS, pH 7.4), respectively, and the final volume was fixed to 100 μL. After
6 h incubation at room temperature, 10 μL of samples were taken and
mixed with 5 μL of FDP (10 μm), followed by monitoring the changes
in fluorescence intensity by a microplate reader (384-well plate, ex/em:
470 nm/515 nm).

Enzymatic Activity in ALP-AOPS in the Presence of Nanofiber—
Comparison of Activity of ALP at Various pHs: 50 μL of ALP-AOPS (in
10 mm PBS, pH 7.4) were mixed with 21.4 μL of precursor Nap-FFKpY
(4 mm, in 10 mm PBS, pH 7.4) and 28.6 μL of PBS buffer. After 6 h of incu-
bation, 30 μL of samples were taken and pH was adjusted to 6.0, 6.5, and
7.4 with HCl, respectively. Then, 15 μL of FDP (10 μm) were added. After-
ward, the changes in fluorescence intensity were monitored by microplate
reader (384-well plate, ex/em: 470 nm/515 nm).

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