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1. Introduction

Bottom-up synthetic biology is a growing 
field at the interface of biology and mate-
rials science with the visionary aim to 
construct a functional cell from molecular 
building blocks.[1–3] Toward this goal, sev-
eral techniques have become available 
to assemble cell-sized giant unilamellar 
lipid vesicles (GUVs) as mimics of cellular 
compartments.[4–9] Versatile synthetic and 
natural components have been reconsti-
tuted inside GUVs to achieve important 
functions of cells, such as compartment 
replication,[10] energy generation[11,12] or 
transmembrane trafficking.[6,13,14] How-
ever, the highly controlled spatio-temporal 
organization that characterizes living cells 
remains hitherto unachieved in today’s 
synthetic counterparts.

Introducing space-filling structures into already formed 
compartments appears to be in contradiction with the barrier 
defining the compartment volume. Hence, the internal organi-
zation of synthetic cells typically relies on self-assembly, which 
limits the complexity of the achievable end result. Especially 
when it comes to the recombination of several functional mod-
ules, self-assembly can be impaired due to undesired interac-
tions or incompatible environmental requirements.[2,15] Early 
attempts have been made to address this shortcoming by the 
sequential addition of components by injection through the lipid 
membrane[5,16] or vesicle fusion.[17–20] While such strategies can 
increase the achievable complexity, they also disrupt the mem-
brane and change the compartment volume. Alternatively, a 
lipid vesicle can be formed around a preformed element, which 
has led to promising results.[4,21,22] However, this “inside-out” 
assembly strategy for synthetic cells neglects the role of con-
finement for the assembly process itself. Therefore, strategies 
for the non-destructive alteration of internal organization of the 
compartment and the addition of large structures inside com-
partments are highly desirable. Toward this end, light-triggered 
actuation of chemical reactions[23–26] and dynamic mechanical 
response[27,28] opens up exciting directions. Similarly, the light-
triggered polymerization of a space-filling hydrogel was real-
ized inside cells[29] and lipid vesicles.[30] Nevertheless, strategies 
for the assembly of well-defined arbitrary architectures inside 
preformed compartments are missing in bottom-up synthetic 
biology, and, more broadly, in 3D manufacturing.

We suggest that two-photon 3D laser printing, as a powerful 
non-contact printing method, can address this challenge. This 
approach uses femtosecond optical pulses and two-photon 
excitation to trigger polymerization only at the desired 3D  

Toward the ambitious goal of manufacturing synthetic cells from the bottom 
up, various cellular components have already been reconstituted inside lipid 
vesicles. However, the deterministic positioning of these components inside 
the compartment has remained elusive. Here, by using two-photon 3D laser 
printing, 2D and 3D hydrogel architectures are manufactured with high preci-
sion and nearly arbitrary shape inside preformed giant unilamellar lipid vesicles 
(GUVs). The required water-soluble photoresist is brought into the GUVs by 
diffusion in a single mixing step. Crucially, femtosecond two-photon printing 
inside the compartment does not destroy the GUVs. Beyond this proof-of-prin-
ciple demonstration, early functional architectures are realized. In particular, a 
transmembrane structure acting as a pore is 3D printed, thereby allowing for 
the transport of biological cargo, including DNA, into the synthetic compart-
ment. These experiments show that two-photon 3D laser microprinting can be 
an important addition to the existing toolbox of synthetic biology.
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position.[31] Progress in femtosecond two-photon polymeriza-
tion was crucial for the rapid layer-by-layer manufacturing 
of almost arbitrary shapes on the nano- and micrometer 
scale.[32,33] Whereas hydrogel-based microstructures have been 
demonstrated by various groups,[34,35] 3D laser printing in a 
water-soluble photoresist and printing in the presence of cells 
is increasingly gaining attention.[36–41]

Here, we use two-photon 3D laser printing for the manufac-
turing of complex 3D architectures inside GUVs. Furthermore, 
we characterize the diffusive influx of photoresist components 
into GUVs and confirm that the printing process itself does 
not damage the lipid bilayer. Going beyond proof-of-principle 
printing demonstrations, we realize functional transmembrane 
pores for the transport of biological cargo into GUVs.

2. Results and Discussion

2.1. 3D Laser Printing of Hydrogel Structures Inside GUVs

Figure  1 illustrates the proposed concept to write custom-
shaped 3D structures inside preformed compartments by fem-
tosecond two-photon polymerization. Importantly, two-photon 
polymerization allows to trigger the polymerization at a desired 
3D position, leading to a polymerized volume element, which 
is referred to as the voxel. In particular, two-photon absorption 
of the photoinitiator produces free radicals, which, in turn, ini-
tiate the radical polymerization of the resist monomers. This 
offers the unique yet unexplored possibility to print inside a 
preformed compartment in a non-destructive manner with 
full spatio-temporal control. While the general concept to print 

inside compartments may become applicable in diverse fields 
of science and technology, we set out to demonstrate its rel-
evance for bottom-up synthetic biology. As an initial proof of 
principle, we successfully demonstrated printing of arbitrary 
objects inside water-in-oil droplets (Figure S1, Supporting Infor-
mation). Nevertheless, synthetic cells enclosed by a lipid bilayer 
better mimic cellular membranes, which is why we chose GUVs 
as a more relevant compartment type.[42–44] Printing inside 
GUVs is especially challenging due to their mechanical insta-
bility[2] and the chemical photoresist requirements. A suitable 
resist has to fulfill several criteria: i) It has to be soluble in an 
aqueous solvent. ii) The encapsulation into GUVs has to be pos-
sible at sufficiently high concentrations without compromising 
the GUV stability. iii) Ideally, it should be possible to develop 
the structures after printing, which requires suitable strategies 
to remove the photoinitiator and unpolymerized resist com-
ponents from the GUV lumen. iv) The printing process itself 
should not cause movement or destruction of the GUV.

We chose commonly used water-soluble resist compo-
nents (Requirement (i)), namely the photoinitiator lithium 
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP), the prepol-
ymer poly(ethylene glycol) diacrylate 575 (PEGDA)[45,46] and the 
fluorescent acryloxyethyl thiocarbamoyl rhodamine B monomer 
(Rhodamine B acrylate) for imaging purposes. Additionally, 
we supplemented the resist with sucrose at a high osmolarity  
(800 × 10−3 m) to buffer osmotic pressure fluctuations which 
could damage the GUVs.[17]

Next, we set out to test if Requirements (ii) and (iii) can be 
fulfilled, that is, if the resist can be brought into the GUV and 
if excess components can be removed after printing. GUVs 
were prepared with a conventional lipid composition (99% 
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Figure 1. 3D laser printing in synthetic cells. Schematic illustration of a 3D hydrogel cube frame (yellow) as an exemplary object that was written into 
a preformed giant unilamellar lipid vesicle (GUV, red) by two-photon polymerization. GUVs are micrometer-sized lipid bilayer enclosed compartments 
often used as synthetic cell models. The nanoporous hydrogel cube frame consists of PEGDA and was formed by local radical polymerization in the 
presence of the photoinitiator LAP dissolved in aqueous sucrose-containing solution.
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1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1% ATTO633-
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE)) using 
the electroformation method.[9] When mixing GUVs and the 
photoresist components, confocal imaging revealed the influx 
of the fluorescent Rhodamine B acrylate across the lipid bilayer 
membrane into the GUV lumen (Figure  2a), equilibrating 
the concentrations inside and outside of the GUV. Since Rho-
damine B acrylate represents the largest component of the 
photoresist, this finding hints that also the other resist compo-
nents can be brought into the GUVs by diffusion (Requirement 
(ii)). Importantly, diffusion of the resist components through 
the lipid membrane works in both directions. For removal of 
unpolymerized components, the GUVs immersed in Rhoda-
mine B acrylate are diluted in an osmolarity-matched solution 
free of photoresist components. The concentration gradient of 
the resist across the membrane leads to resist efflux from the 
GUVs until an equilibrium is reached (Figure 2a-iii). Removal 
of the resist from the GUV lumen provides the possibility to 
develop encapsulated structures after printing inside the GUV 

(Requirement (iii)). To gain quantitative insights into the Rho-
damine B acrylate influx into GUVs, we measured the fluores-
cence intensity ratio inside and outside of GUVs, Iin/Iout, over 
time, yielding a membrane permeability coefficient of 2.301 
± 0.016 nm s−1 (Figure  2b, Note S1, Supporting Information), 
which is comparable to reported literature values for the perme-
ability of the antibiotic norfloxacin[47] or the charged compound 
bicarbonate.[48] We were able to polymerize the resist inside 
the GUV by two-photon 3D laser printing. This observation is 
a direct proof for the influx of all resist components. As vis-
ible in the microscopy image in Figure 2c (see inset), we suc-
cessfully printed a rod-shaped element into the lumen of the 
GUV. We used the printing success rate as an indirect way to 
determine the membrane permeability of the non-fluorescent 
components. Successful printing attempts were defined as 
attempts where the desired structure was visible in the bright-
field microscope right after printing inside the GUV. For this 
purpose, PEGDA or LAP was added to GUVs that were pre-
incubated with the other resist components. We printed in 
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Figure 2. Laser printing of nearly arbitrary 2D and 3D hydrogel structures inside GUVs. a) Representative confocal images of a GUV (red, λex = 640 nm): 
i) before mixing GUVs with photoresist, ii) 2 h after mixing GUVs with photoresist (yellow, fluorescent component: Rhodoamine B acrylate, λex = 561 nm),  
and iii) 2 h after diluting the mixture of GUVs and photoresist from (ii) in aqueous sucrose solution. The corresponding quantified fluorescence intensity 
inside the GUVs, Iin, is shown below (n= 17 to n = 25, mean ± standard deviatíon (s.d.)). Scale bar: 10 μm. b) Ratio of fluorescence intensity inside, Iin, 
and outside, Iout, of a GUV as a function of time. An exponential fit (black line) yielded a membrane permeability coefficient for the diffusion of Rhoda-
mine B acrylate into the GUVs of P = 2.301 ± 0.016 nm s−1. c) Membrane permeability of PEGDA, LAP, and the complete photoresist. The membrane 
permeability was determined by adding the respective components after incubation of the GUVs with the remaining components of the photoresist and 
quantifying the fraction of successful printing attempts, Nprint/Ntot, inside the GUVs over time. An exponential fit (black line) was used to determine the 
point in time of 50% success rate. Scale bar: 10 μm. d) Confocal images of printed 2D structures (yellow, λex = 561 nm) inside GUVs (red, λex = 640 nm). 
Scale bar: 10 μm. e) Color-coded 3D surface reconstruction of confocal images of a 3D printed cube frame inside a 40 μm-sized GUV. Scale bar: 10 μm.
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GUVs with an average diameter of 26.6 ± 7.9 μm (Figure S2, 
Supporting Information). Subsequently, we quantified the frac-
tion of successful printing attempts over the course of up to 
100 min. We observed increase in the printing success rate over 
time because of the diffusion of the respective resist component 
into the GUVs (Figure  2c). Due to their increased surface-to-
volume ratio, printing in smaller GUVs was possible at earlier 
time points (Figure S3, Supporting Information). In most of the 
unsuccessful printing attempts, the GUV remained intact but 
no structure appeared inside, likely due to insufficient supply of 
one of the resist components in the GUV lumen. Importantly, 
the GUVs did not move during the printing process, despite 
potential laser heating, once they settled due to gravity in a 
glucose-sucrose gradient (Requirement (iv)). In more detail, 
after adding LAP to GUVs, it took 24.27 ± 1.07 min to achieve 
a 50% printing success rate. Having determined the minimal 
LAP concentration required for printing (Figure S4, Supporting 
Information), this yields a membrane permeability of 0.987 ± 
0.325 nm s−1 (Note S2, Supporting Information). PEGDA was 
found to diffuse faster across the membrane, such that printing 
in 50% of the GUVs was already possible after 11.48 ± 0.88 min,  
corresponding to a membrane permeability of 3.875 ± 
1.330 nm s−1. Although LAP is a smaller molecule compared 
to Rhodamine B acrylate, its membrane permeability is lower. 
This is likely due to its polarity and negative charge (Figure S5,  
Supporting Information). When adding PEGDA and LAP at 
the same time, we achieve a 50% printing success ratio at a 
later time point after 44.83 ± 2.68 min, potentially due to the 
increased access resistance. From the permeability coefficients, 
we were able to determine the concentration of all three resist 
components inside the GUVs over time according to Fick’s law 
of diffusion (Figure S6, Supporting Information). Most impor-
tantly, it should be highlighted that printing was successful in 
over 88% of the GUVs after 100 min incubation with the resist 
components. If printing was unsuccessful despite sufficiently 
long incubation, this was typically the case because the GUV 
bursted during the printing process. Bursting occurred when 
the 3D positioning of the polymerization voxel was insuffi-
ciently accurate and polymerization was triggered in very close 
proximity to the lipid bilayer, likely causing lipid oxidation 
(Figures S7 and S8, Supporting Information).[17]

The high printing success rate encouraged us to print more 
complex 2D a 3D shapes into GUVs and to visualize them by 
confocal fluorescence microscopy. Figure  2d shows various 
2D hydrogel structures printed inside GUVs, including letters, 
numbers and symbols. From confocal microscopy data, the fea-
ture sizes of the structures were determined to be 1.69 ± 0.14 μm  
within the xy-plane and 7.16 ± 0.61 μm for the z-direction, 
respectively (Figure S9, Supporting Information). In principle, 
smaller feature sizes are possible, for instance, by printing just 
one instead of four layers. However this would compromise 
the structural stability of the printed features with the currently 
used resist. After printing, the structures freely diffused inside 
the GUV lumen (Movie S1, Supporting Information) and slowly 
settled to the bottom of the GUVs due to gravity. This could 
be exploited for the separation of GUVs that contain printed 
structures from those that are empty. If required, settling could 
be avoided either by gentle shaking, by modifying the photore-
sist such that the polymerized structures are less dense, or by 

connecting the printed structures to the membrane. We find 
that we can print at printing speeds ranging from 1 mm s−1 to  
2 mm s−1 in order to manufacture all layers at near-constant 
position of the structure itself. Capitalizing on the high spa-
tial resolution of femtosecond two-photon polymerization, 
Figure  2e presents a 3D reconstruction of a 16 μm high 3D 
cube frame inside a 40 μm GUV.

To summarize this part, we successfully enriched the inner 
volume of GUVs with photopolymerizable hydrogel compo-
nents via diffusion across the lipid bilayer and demonstrated the 
deterministic polymerization of various structures in 2D and 3D 
inside GUVs. This concept can also be extended to other com-
partment types like water-in-oil droplets (Figure S1, Supporting 
Information). Moreover, if lower resolution along the z-direction 
can be tolerated, printing can be achieved with the laser of a 
confocal microscope or other types of illumination (Figure S10, 
Supporting Information). This aspect makes printing inside 
compartments also broadly applicable beyond synthetic biology.

2.2. Lipid Membrane and Hydrogel Properties

Having confirmed that femtosecond two-photon polymeriza-
tion inside GUVs does not destroy them (Requirement (iv)), 
we examined the effects of the photoresist and two-photon 
3D laser printing process on the lipid bilayer. We thus inves-
tigated possible unintentional alterations of the lipid diffu-
sivity, which is a crucial indicator for membrane property 
changes, such as resist-membrane interactions, oxidation[49] 
or changes in membrane composition due to the presence of 
the photoresist in the membrane. First of all, we confirmed 
with fluorescence recovery after photobleaching (FRAP) 
measurements (Note S3, Supporting Information,[5]) that the 
membrane of GUVs containing a printed structure inside 
their lumen remained diffusive (Figure 3a). The fluorescence 
of the bleached area recovered within seconds. An exponen-
tial fit yields the diffusion coefficient D of the lipids for dif-
ferent conditions, namely prior to resist encapsulation, before 
and after equilibration of the resist concentration inside and 
outside the GUVs (i.e., 0.25 h and 2 h after adding the pho-
toresist to the GUVs, respectively) and after printing a rod 
structure inside the GUV lumen (Figure  3b). Directly after 
addition of the resist (0.25 h), the lipid diffusion coefficient D 
increased slightly but significantly (D  = 3.455 ± 0.517 μm2s−1 
and D  = 2.887 ± 0.640 μm2s−1, respectively, p  = 0.029), likely 
due to the imbalanced distribution of the photoresist at this 
time point. In contrast, 2h after photoresist addition, when 
the concentrations inside and outside of the GUVs have 
equilibrated, the lipid diffusion coefficient decreased slightly. 
This is likely due to the higher viscosity of the solution in the 
presence of the resist and the presence of resist components in 
the membrane (p = 0.004). Most importantly, the printing pro-
cess did not affect the diffusion coefficient significantly (D  = 
2.129 ± 0.610 μm2s−1, p = 0.133), fulfilling Requirement (iv).

In order to derive functionality for the printed hydrogels, we 
investigated their microscopic structure. FRAP experiments 
confirmed that the hydrogel is polymerized and hence not 
diffusive (Figure S11, Supporting Information). Atomic force 
microscopy (AFM) of the polymerized photoresist revealed sub-

Adv. Mater. 2021, 2106709
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micron-sized pores inside the hydrogel (Figure  3c). Note that 
the hydrogel was manufactured with the same resist composi-
tion that was present within GUVs after equilibration. We found 
that the pore size can be tuned by changing the resist concen-
tration as well as the concentration of sucrose (Figure S12,  
Supporting Information). More specifically, Figure  3d quanti-
fies the pore size distribution of the polymerized photoresist 
used for printing inside GUVs (R) in comparison to a resist 
with a twofold increased concentration of PEGDA and LAP 
(R2x) and a resist without the addition of sucrose and glucose 
(RH O2

). The surface roughness (Figure S13, Supporting Infor-
mation) and the pore size of photoresist R is increased sig-
nificantly in comparison to the resist variations R2x (p = 0.010) 
and RH O2  (p  = 0.005). This leads to the conclusion that both, 
the high water content (88.9 vol%) and addition of sugars, 
which can act as porogens,[50] increase hydrogel porosity in the 
sub-micron regime.

We can thus conclude that the membrane remains intact 
after printing and that the polymerized hydrogel is porous. 

This opens up exciting opportunities for applications of 3D 
laser printing in lipid vesicles in the context of bottom-up 
synthetic biology.

2.3. 3D Laser Printing of a Transmembrane Pore

As a first application, we set out to write a transmembrane 
pore that spans the lipid bilayer. Due to the porous nature 
of the printed hydrogel, a structure that is written across the 
membrane should open up a passage for biomolecular cargo as 
illustrated in Figure 4a. At the same time, printing across the 
membrane sets yet another technological challenge concerning 
the feasibility and the stability of the GUVs.

Importantly, we found that printing across the lipid mem-
brane is possible without destruction of the GUVs. After two-
photon polymerization of the respective area, a hydrogel struc-
ture with a diameter of approximately 5 μm clearly spanned 
the GUV membrane as visible in the bright-field image in 

Adv. Mater. 2021, 2106709

Figure 3. Characterization of the GUV membrane and the printed hydrogel. a) FRAP experiments on GUVs after printing. Confocal fluorescence images 
of the top plane of a GUV (red, λex = 640 nm): i) before photobleaching of a circular area (white dashed line), ii) directly after photobleaching, and iii) 
after fluorescence recovery. The normalized mean intensity of the bleaching area is plotted over time. The error bars represent the standard deviation 
for n = 12 GUVs after printing a hydrogel structure into their lumen. An exponential fit (black line) yielded a lipid diffusion coefficient of D = 2.129 ± 
0.610 μm s−2, confirming that the membrane remains intact after printing. Scale bar: 10 μm. b) Lipid diffusion coefficients determined by FRAP for 
GUVs before mixing with photoresist (0 h), 0.25 h after adding GUVs into the photoresist (0.25 h), 2 h after adding GUVs into photoresist (2 h), and 
for GUVs in the photoresist after printing a rod structure inside their lumen (n = 10 to n = 12, mean ± s.d.). c) AFM image of a polymerized block of 
the photoresist used for printing inside GUVs. Scale bar: 200 nm. d) Pore size distribution as determined from AFM images for the polymerized pho-
toresist (R) used for printing inside GUVs, the polymerized photoresist at doubled PEGDA and LAP concentration (R2x), and polymerized photoresist 
in water without sucrose or glucose (RH O2 ).
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Figure  4b. When printing across the membrane, illumination 
of the photoinitiator produces free radicals in close proximity 
to the lipid tails. We confirmed that this causes lipid oxidation 
(Figures S7 and S8, Supporting Information), which, in turn is 
known to facilitate pore formation.[17] Transient lipid pores pos-
sibly expand and merge such that resist components that are 
present in the membrane can polymerize. Note that the use of 
two-photon illumination allows to spatially control production 
of free radicals (Figure S8, Supporting Information),[51] which 
are immediately consumed for the polymerization process.[51] 
Therefore, lipid oxidation is unlikely to occur when structures 
are printed inside the compartment. Membrane-spanning 
structures could be printed in 41.5% of our printing attempts 
(n  = 59). In the other cases GUVs bursted and collapsed. 
Increasing the laser intensity by 10% resulted in a decreased 
success ratio of 32% (n  = 50), enhancing the probability of 
GUV destruction.

To test whether the printed transmembrane structure acts 
as a pore and enables substance exchange between the interior 
and the environment of the GUV, we made use of the glucose-
sucrose gradient across the GUV membrane. The refractive-
index mismatch between the glucose outside and the sucrose 
solution inside the GUV causes an optical contrast which dis-

appears if glucose and sucrose are exchanged across the lipid 
membrane. Figure 4b plots the decrease of the Michelson con-
trast C = (Imax − Imin)/(Imax + Imin) over time after two-photon 
polymerization of a rod structure across the lipid bilayer 
(Movie S2, Supporting Information), with Imax and Imin being 
the maximum and minimum intensity value across the lipid 
bilayer, respectively (n = 5). The decrease of the optical contrast 
indicates the equilibration of the sucrose and glucose concen-
trations inside and outside of the GUVs. This clearly demon-
strates that the nanoporous membrane-spanning hydrogel acts 
as a channel to enable transport across the lipid bilayer. Expo-
nential fits yielded a permeability coefficient of the pores for 
sucrose and glucose of 0.48 ± 0.25 μm s−1. Negligible decrease 
in the Michelson contrast occurred for GUVs when no pore was 
printed (Figure S14, Supporting Information) as expected due 
to the low membrane permeability of sugars.[52]

Next, we tested if our pores can transport larger and charged 
molecular cargo. Figure  4c shows the influx of the fluorophore 
Alexa Fluor 647 NHS ester into GUVs containing a pore (i), 
whereas it was excluded from an adjacent GUV without a pore 
(ii). In the xz-plane, the printed pore is clearly visible for GUV 
(i). Moving on to biologically relevant macromolecular cargo, 
Figure  4d shows the influx of single-stranded DNA across a 
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Figure 4. 3D laser printing of a transmembrane-spanning pore across the GUV membrane. a) Schematic illustration of a printed PEGDA hydrogel 
pore across the lipid membrane of a GUV. The pore allows for the passage of various molecules, including glucose, sucrose, a fluorophore and 
single-stranded DNA (ssDNA). b) Michelson contrast C = (Imax − Imin)/(Imax + Imin) for 5 GUVs as a function over time after printing a pore across the 
membrane. Due to exchange of refractive index influencing molecules sucrose and glucose, the Michelson contrast decreases over time, as displayed 
in representative bright-field optical images taken at the referenced timepoints of 0 s, 10 s, 90 s after printing the pore. An exponential fit (black line) 
yielded a pore permeability coefficient of P = 0.48 ± 0.25 μm s−1 for the glucose/sucrose exchange. Scale bar: 20 μm. c) Representative confocal images 
of two adjacent GUVs (red, λex = 488 nm) in the xy- (left) and an xz-plane (right, as indicated by white dashed lines). i) A hydrogel pore (yellow, λex = 
561 nm) was printed into the upper GUV, leading to the influx of the membrane-impermeable fluorophore Alexa Fluor 647 NHS (green, λex = 640 nm). 
ii) No influx was detected for the adjacent GUV without the printed pore. Scale bar: 20 μm. d) Representative confocal images of two adjacent GUVs 
as described in (c), demonstrating that also a 13-nucleotide-long single-stranded DNA (green, labeled with Atto647N, λex = 640 nm) can diffuse into 
the GUV across the printed pore. Printing of transmembrane-spanning structures was successful in 41.5% of the attempts (n = 59). Scale bar: 20 μm.
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printed hydrogel pore. Note that the printing settings and the 
photoresist composition were kept the same. Therefore, the 
porosity of the hydrogel remains unaltered within statistical varia-
tions. Again, an adjacent GUV without a pore does not show DNA 
import, highlighting the advantage of 3D laser printing to induce 
transport with full spatio-temporal control at the single-GUV level.

Our PEGDA-pore is considerably different from a native trans-
membrane protein—not just in chemical composition but also 
considering its architecture and dimensions. Instead of a hollow 
membrane-spanning cylindrical pore, the printed pore features a 
nanoporous hydrogel that forms a mesh-architecture more like 
FG-repeats in the nuclear pore complex.[53] Moreover, the printed 
transmembrane pore is likely the largest man-made transmem-
brane pore to date, exceeding the size of the nuclear pore com-
plex.[53] In particular, large pores capable of transporting macro-
molecules across the membrane are often difficult to isolate and 
to reconstitute in synthetic cells. With their engineerable proper-
ties, printed hydrogel pores may address a challenge in bottom-
up synthetic biology, since the reconstitution of protein pores that 
can transport large macromolecular cargo remains a bottleneck.

3. Conclusion

Rebuilding biological cells requires the technological ability of 
intracellular structuring and organization. Our work realized 
the deterministic assembly of molecules into nearly arbitrary 
2D and 3D shapes inside GUVs by using femtosecond two-
photon 3D laser printing. Importantly, we proved that neither 
the photoresist nor the two-photon polymerization process 
impair the lipid bilayer. Their mechanical fragility renders 
GUVs one of the most challenging compartment types. We 
already demonstrated that it is possible to extend the concept 
to emulsion droplets and are therefore confident that it will be 
possible to print in various compartment types, such as poly-
mersomes, proteinosomes or coacervates, as long as the mate-
rials allow for light propagation at the required wavelength. 
Although we were able to encapsulate the resist by diffusion, 
which has the advantage that the structures can be developed 
after printing, resist encapsulation during compartment forma-
tion or by injection is in principle also possible. Additionally, 
we characterized the pore size of polymerized hydrogels and 
investigated their tunability by changing concentrations of the 
photoresist components. The material properties can, in prin-
ciple, be adapted further by using functionalized and stimulus-
responsive monomers or hybrid materials to realize variable 
functions, including compartmentalization and deterministic 
intracellular release of biological molecules or to mimic the 
cytoskeleton. Eventually, we achieved the printing of a trans-
membrane pore for the transport of biological cargo. The pore 
size is freely tuneable by tuning the size of the printed structure 
or the hydrogel mesh size which offers the unique possibility to 
achieve selective cargo transport across scales. Since the phys-
ical and the chemical properties of the hydrogel can be altered 
by varying the resist composition, it will be possible to make 
custom pores for specific analytes. In particular, adjusting the 
porosity of the nanoporous hydrogel opens up avenues to tune 
the transport rates. Moreover, the printing process provides full 
spatio-temporal control over the transport such that complex 

reaction networks can be realized in femtoliter compartments 
and synthetic cell communities. It is remarkable that the GUV 
remains intact when a structure is printed across its mem-
brane. Ultimately, 3D laser printing could be transferred into 
biological cells to establish cell polarity, for cell actuation and 
local force application or for local expansion microscopy. We 
envision that 3D laser printing inside biological compartments 
will contribute to the toolbox of synthetic biology, which may, in 
the future, lead to a fully 3D printed synthetic cell.
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