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Abstract: Artificial cells (ACs) aim to mimic selected structural and functional features of 

mammalian cells. In this context, energy generation is an important challenge to be addressed 

when self-sustained systems are desired. Here, mitochondria isolated from HepG2 cells are 

employed as natural subunits that facilitate chemically driven adenosine triphosphate (ATP) 

synthesis. The successful mitochondria isolation is confirmed by monitoring the preserved 

inner membrane potential, the respiration, and the ATP production ability. The encapsulation 

of the isolated mitochondria in gelatin-based hydrogels results in similar initial ATP 

production compared to mitochondria in solution with a sustained ATP production over 24 h. 

Furthermore, luciferase is co-encapsulated with the mitochondria in gelatin-based particles to 

create ACs and employ the in situ produced ATP to drive the catalytic conversion of D-

luciferin. The co-encapsulation of luciferase-loaded liposomes with mitochondria in gelatin-

based hydrogels is additionally explored where the encapsulation of mitochondria and 

liposomes resulted in clustering effects that are likely contributing to the functional 

performance of the active entities. Taken together, mitochondria show potential in cell 

mimicry to facilitate energy-dependent processes.  
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1. Introduction 

Artificial cells (ACs) aim to mimic specific parts of cellular structure or function, often by a 

bottom-up assembly of natural and synthetic building blocks,[1] or by genetically engineering 

living cells in a top-down manner[2]. The scope of ACs reaches from studying the origin of 

life with protocells and minimal cells[3] to developing AC-based therapeutics as support for 

cells and tissues with missing/lost function[4] or to integrate non-native activity. The structural 

complexity of ACs can vary from simple single-compartment vesicles to more complex 

assemblies with a higher degree of hierarchical order.[5] Polymersomes,[6] vesosomes,[7] giant 

unilamellar vesicles (GUVs),[8] microcapsules,[9] hydrogels,[10] coacervates,[11] capsosomes,[12] 

and proteinosomes,[13] are examples that were considered to provide the structural scaffolds of 

ACs. Therapeutic ACs often only have a single cellular function or structural component 

instead of the entire complexity of a mammalian cell, depending on their envisioned purpose. 

Mammalian cells offer a plethora of components and functions to be mimicked including the 

cell membrane,[14] the cytosol,[15] the hierarchical architecture,[16] the cytoskeleton,[17] or the 

overall morphology[18] when considering the structural aspects. In addition, 

communication,[19] replication,[20] detoxification,[21] support in biomineralization,[22] cell 

adhesion,[23] simple substrate uptake and processing,[24] pinocytosis,[25] phagocytosis,[26] and 

predatory behavior[13a] are examples of mimicked cellular function.  

 

Self-sustaining ACs with an active metabolism to support thermodynamically unfavorable 

biomimetic processes under non-equilibrium circumstances or a wider array of encapsulated 

catalysis, require the integration of their own energy source. The vast majority of known 

organisms use light and chemical energy in photosynthesis and oxidative phosphorylation, 

respectively, as external energy sources to change the redox potential of cellular components. 

The external sources are ultimately converted into the biologically useful form adenosine 

triphosphate (ATP), which the cells further use in anabolic processes.  
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The progress in the assembly of nanosized vesicles as energy-generating carriers was recently 

discussed in detail by Otrin et al.[27] It should be noted that the implementation of energy-

producing entities in (micron-sized) ACs is scarce. One example based on 

photophosphorylation using a light-induced proton gradient inside an AC was reported by 

Berhanu et al.[28] They assembled proteoliposomes containing ATP synthase and 

bacteriorhodopsin as artificial organelles (AOs), which were encapsulated inside GUVs to 

drive the photosynthesis of ATP. A similar AO was previously used by Lee et al. to 

demonstrate actin polymerization and carbon fixation inside GUVs.[18b] Another approach 

focused on encapsulating the natural ATP-producing moiety thylakoid membranes in cell-

sized droplets to allow for light-driven ATP synthesis.[29]  

In addition to autotrophic metabolism with photosynthetic ATP-production, heterotrophic 

metabolism was also considered. Interesting examples of this aspect include ATP 

regeneration in a nanosized carrier to sustain ATP levels under the metabolic conversion of L-

arginine to L-ornithine,[30] or the chemically driven ATP synthesis in an artificial 

mitochondrion using a minimal respiratory chain, consisting of bo3 quinol oxidase and ATP 

synthase with ubiquinol-1 as the electron shuttle and dithiothreitol as the electron donor.[31] 

ACs using chemically driven ATP-production face the challenge that the recycling of redox 

cofactors[32], such as nicotinamide adenine dinucleotide (NAD), has to be coupled to the ATP-

production to create a truly self-sustainable system. An early example of coupled sodium 

driven ATP production and NAD+ regeneration was achieved by using sodium ion cycling.[33] 

In more recent efforts, NAD regeneration was demonstrated using microfluidics to make 

water-in-oil droplets as microcompartments encapsulating photosynthetic membranes that 

facilitate NADPH (the reduced form of nicotinamide adenine dinucleotide phosphate) 

generation.[29] Further, a minimal metabolism consisting of a NAD-dependent enzymatic 

reaction and a NAD-regeneration module using inverted membrane vesicles (IMVs) extracted 

from E. coli was demonstrated.[34]. Although ATP synthase for oxidative phosphorylation was 
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also present in the IMVs for ATP production, the authors focused on the NADH 

dehydrogenase activity of the IMVs as a cofactor regeneration module for the NAD-

dependent enzymatic reactions.  

In bottom-up approaches, reconstitution of membrane proteins has been explored both in 

lipid-based[18b, 28] and polymer-based vesicles[35], but a further challenge can be reconstituting 

several membrane proteins in the same vesicle while retaining their functionality in an attempt 

to mimic the electron transfer chain (ETC) as discussed in further detail by Otrin et al.[27] 

Membrane fusion of individual building blocks using a soluble N-ethylmaleimide sensitive 

factor attachment protein (SNARE) based method,[36] and charge-induced membrane 

fusion[37] were considered, but fusogenic depletion still represents a limitation to the number 

of successful fusion events.  

Despite the advancements in the past few years, chemically driven ATP-production remains 

challenging. Therefore, we report an alternative approach to assemble ATP-producing 

artificial entities by integrating isolated mitochondria in hydrogels as natural subunits that can 

produce ATP to drive enzymatic reactions (Scheme 1). Specifically, we purified mitochondria 

from HepG2 cells and entrapped them in gelatin-based disks and particles, the latter of which 

to create ACs. When encapsulating luciferase simultaneously with the mitochondria in the 

gelatin-based disks and particles, the ATP produced in situ supported the catalytic conversion 

of D-luciferin by luciferase using luminescence as the read-out. 

 

2. Results and Discussion 

The incorporation of purified organelles allows for the integration of biologically highly 

complex units while avoiding the challenges associated with live cell encapsulation. The use 

of purified organelles as subunits in ACs was previously explored using nuclei[38] or purified 

thylakoid membranes[29]. Further, isolated mitochondria were recently encapsulated in GUVs 



  

5 
 

to demonstrate the possibility of immobilizing different subunits, but without confirming their 

ability to produce ATP.[8]  

2.1. Mitochondria Isolation and encapsulation in GelMA-based hydrogel disks 

2.1.1 Mitochondria Isolation    

The first step to employ mitochondria as natural subunits in ACs for ATP-production was to 

isolate functional mitochondria from donor cells. HepG2 was chosen as the donor cell line 

due to its high mitochondrial content. Cells cultured in glucose-containing media (glu-

medium) produce ATP almost exclusively via aerobic glycolysis (Crabtree or Warburg 

effect), and therefore rely to a less extent on mitochondrially produced ATP for cellular 

function.[39] Galactose can substitute glucose in cell culture medium (gal-medium) to push the 

cells to employ oxidative phosphorylation in the mitochondria for ATP production.[39-40] Thus, 

culturing cells in gal-medium is more selective for cells with active mitochondria, which can 

translate to more efficient isolated mitochondria. We confirmed that the HepG2 cells cultured 

in gal-media and glu-media had the expected difference in mitochondria activity by 

monitoring their oxygen consumption using the oxygen-sensitive MitoXpress Xtra fluorescent 

reagent (MX) (Figure S1a-d, Supporting Information). Consequently, HepG2 cells cultured in 

gal-medium were used for all subsequent mitochondria isolations.  

The mitochondria were isolated using differential centrifugation and the total amount of 

protein in the mitochondria-enriched fraction was quantified using the BCA method. 

Typically, (20 – 25) × 106 cells were used per isolation, resulting in a protein concentration of 

365 ± 126 µg mL-1 per 1 × 106 cells. The protein yield was ≈ 22 ± 8 μg per 1 × 106 cells when 

assuming a ≈ 60 µL pellet size of isolated mitochondria. Mitochondria were stored in the 

concentrated pellet. The isolated mitochondria were imaged using confocal laser scanning 

microscopy (CLSM) and upon staining with MitoTracker, ≈ 1 µm sized entities were 

observed that are in correspondence with the expected size of mitochondria (Figure 1a). 

Western blots were used to confirm the presence of mitochondria in the isolated 
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mitochondria-enriched fraction with only small amounts of endoplasmic reticulum (ER) 

components using anti-cytochrome C and anti-calnexin antibodies as markers for the 

mitochondria and the ER, respectively (Figure S2).  

The inner mitochondrial membrane (IMM) potential (Δψm) indicates whether the 

electrochemical gradient across the IMM is maintained and serves as an indicator of 

mitochondrial activity and the capacity to generate ATP by oxidative phosphorylation. Δψm 

was therefore determined using the lipophilic cationic carbocyanine dye JC-1[41] that exhibits 

higher accumulation in the mitochondrial matrix for more negative Δψm. The agglomerated 

JC-1 shows red fluorescence while the monomeric JC-1 has green fluorescence (Figure 1bi). 

The Δψm of the mitochondria was determined 3 h, 6 h, 12 h, and 24 h after isolation when 

stored on ice by monitoring the green (λex/λem = 490/530 nm) and red (λex/λem = 490/590 nm) 

fluorescence of the JC-1 dye. Mitochondria pre-treated with valinomycin (0.5 µg mL-1 final 

concentration), a compound that dissipates the Δψm,[42] were used as control. Further, three 

different buffer conditions were used for dilution and storage of mitochondria to assess the 

dependency of mitochondrial activity on the buffer conditions. A mitochondrial storage buffer 

(MSB) (250 mM mannitol, 5 mM HEPES, 0.5 mM EGTA, pH 7.4[43]) or a mitochondrial 

respiration buffer (MRB) (250 mM sucrose, 15 mM KCl, 1 mM EGTA, 30 mM K2HPO4, 5 

mM MgCl2 at pH 7.4) supplemented with succinate (25 mM final concentration, MRBSuccinate) 

or with succinate and adenosine diphosphate (ADP) (25 mM and 1.65 mM final 

concentrations, respectively, MRBADP 
Succinate) was used, where mitochondria diluted in MRBADP 

Succinate 

before the experiment were also stored in MRBSuccinate. The ratio of red/green fluorescence 

was measured over 15 min following the addition of the JC-1 dye to the mitochondrial 

samples at the different time points as an indicator of the time-dependent preservation of the 

Δψm (Figure S3a, b). The endpoint measurements of the red/green fluorescence ratio for 

mitochondria in MRBADP 
Succinate and MRBSuccinate showed no significant difference after 3 h 
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(Figure 1bii). No significant difference of the ratios was observed between 3 h and 6 h storage 

time in the same buffer conditions. However, the red/green fluorescence ratio for 

mitochondria in MRBADP 
Succinate was significantly lower compared to the MRBSuccinate after 6 h. 

The decrease in Δψm in the presence of ADP could be explained by the depletion of the Δψm 

during ATP synthesis. This difference was no longer significant after 12 h, but showed a large 

variability in the ratio. Finally, the red/green fluorescence ratio for mitochondria stored for 24 

h almost decreased to the base line level, illustrating that the mitochondria no longer 

maintained a Δψm after 24 h under the tested conditions. A significant difference between the 

12 h and 24 h time point was only observed for MRBSuccinate. Importantly, very low red/green 

fluorescence ratios were monitored for the control mitochondria that were pre-treated with 

valinomycin. Further, when the mitochondria were stored and diluted in MSB, the red/green 

fluorescence ratio was significantly lower (Figure S3c) compared to mitochondria stored in 

MRB-based conditions for certain time points (Figure 1bii). This comparison indicated that 

the presence of a respiratory substrate during storage positively affected the maintenance of 

Δψm in isolated mitochondria. Taken together, the window for integration and use of 

functional isolated mitochondria in ACs can be up to at least 6 h post isolation. 

 

While an intact Δψm confirmed a functional proton-pumping capability of the electron transfer 

chain (ETC), the next experiments aimed to illustrate the presence of a coupled 

electrochemical gradient, which is essential to demonstrate that the proton gradient is utilized 

for ATP synthase function. Substrate oxidation and electron transport (Δψm generation and O2 

consumption) have to be coupled to ADP phosphorylation by ATP synthase or other useful 

processes, for example, net ion translocation, for fully functional mitochondria. The 

incomplete coupling can be due to basal and inducible proton leak, electron leak, and electron 

slip.[44] Since the mitochondrial isolation process can lead to damaged and uncoupled 
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mitochondria, respiratory measurements were used to assess the coupling between the Δψm 

and ATP synthesis. There are different respiratory states, which include O2 consumption in 

the presence of substrates alone (state 2), O2 consumption in the presence of substrates and 

ADP (state 3), and O2 consumption after ADP depletion (state 4).[45] The respiratory control 

ratio (RCR) is defined as the ratio of the O2 consumption rate (OCR) of state 3/state 4, which 

is a parameter used to assess the integrity and coupling of mitochondria, as it reflects 

respiratory control where functional mitochondria respond to the presence of ADP through a 

high rate of ATP production[45] Different substrates can be employed when evaluating the 

respiratory states, but typically, pyruvate, malate, and glutamate are used as complex I-linked 

substrates and succinate as a complex II-linked substrate. Here, complex II-driven respiration 

was evaluated by using succinate as the substrate, with or without ADP addition, i.e., MRB

ADP 
Succinate and MRBSuccinate, respectively. Antimycin A was used as a negative control to block the 

complex III of the ETC and to inhibit ETC-dependent O2 uptake. The O2 consumption was 

followed in a mineral oil sealed well by monitoring the time-dependent increase in fluorescent 

signal of MX (Figure 1ci). The initial part of the curve was linearly fitted (Figure 1cii) and the 

resulting slopes were compared as a measure for the OCR for state 2 (MRBSuccinate), state 3 

(MRBADP 
Succinate) and upon antimycin A addition (MRBADP 

Succinate + antimycin A) (Figure 1ciii). The 

OCR for state 4 was obtained by linearly fitting curves obtained for mitochondria in MRB

ADP 
Succinate after leveling off (Figure 1cii). First, antimycin A completely blocked the O2 

consumption, i.e., no increase in fluorescence signal was detectable.  Next, the significant 

increase in OCR from 183 ± 32 min-1 in state 2 to 403 ± 91 min-1 in state 3 (ADP addition) 

indicated that proton pumping was utilized for ATP production since the ETC was functional 

and maintained the Δψm during ATP synthesis. Finally, ADP depletion led to state 4 

respiration, and the RCR was found to be 13.7 ± 3.4, which showed that the mitochondria 

maintained their integrity upon isolation. The RCR is highly dependent on the choice of donor 



  

9 
 

cells and substrates, making it hard to compare to other examples of isolated mitochondria. 

However, it is useful to indicate the capability of mitochondria to show an increased OCR, 

specifically in the presence of ADP, thereby indicating the capacity of substrate oxidation for 

the mitochondria. This is further reflected in the low OCR upon antimycin A treatment, which 

indicates a low degree proton leakage with a maintained integrity of the mitochondrial inner 

membrane that is capable of maintaining the protonmotive force.  

After the successful respiration assay indicated the production of ATP due to a higher rate of 

O2 reduction in the presence of ADP, the next step was to quantify the amount of ATP 

produced by the isolated mitochondria. To this end, the ATP production was detected after 50 

min under respiratory conditions using mitochondria that were stored for 2 h, 5 h, and 24 h 

after isolation. Oligomycin, which inhibits ATP synthase, was added as a negative control at 

the 2 h time point to evaluate the contribution of non-mitochondrially produced ATP that 

might stem from, e.g., adenylate kinase activity. ~1 nmol ATP per μg mitochondrial protein 

was produced by mitochondria stored for 2 h and 5 h (Figure 1d). Upon addition of 

oligomycin, ~ 0.04 nmol ATP per µg mitochondrial protein was produced, which 

corresponded to less than 5 % of total ATP production. Although the produced ATP was 

significantly lower for mitochondria stored for 24 h, they still produced ~ 0.4 nmol ATP per 

μg mitochondrial protein, which illustrated the potential of mitochondria to be able to produce 

ATP for up to at least 24 h. The JC-1 did not indicate functional mitochondria up to 24 h, but 

the difference in final mitochondria and substrate concentrations in the assays, as well as 

assay sensitivities, can cause different activity indications. 

2.1.2 Hydrogel Disks  

The next step was to assess the feasibility of encapsulating mitochondria in hydrogels towards 

their application as ATP-producing subunits in ACs. Although many different cell-sized 

carriers were and can be employed for the assembly of ACs, we chose hydrogels because they 

more closely resemble the dense cytosolic environment compared to the aqueous void found 
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in other types of commonly used cell-sized carriers, such as liposomes[28], polymersomes[31] 

or water-in-oil droplets[29]. Specifically, we used gelatin-based hydrogels since this natural 

material, originating from collagen, is often used for biomedical applications as reviewed 

elsewhere.[46] Gelatin-based hydrogels can be obtained by photo crosslinking of methacryloyl 

(MA)-modified gelatin (GelMA) in the presence of a photo initiator. Here, gelatin Type A 

with 58.5 % MA modification was used since this polymer allowed for short crosslinking 

times (60 s) and the use of low concentrations of the photo initiator lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP) to avoid damage to the mitochondria. Mitochondria were 

encapsulated in GelMA disks to test whether the organelles remained functional in the 

hydrogel matrix. Visualizing MitoTracker-stained empty GelMA disks (GE, Figure 2ai) and 

mitochondria encapsulated in GelMA disks (GE 
Mito, Figure 2aii) by CLSM revealed that the 

mitochondria were distributed in different sized clusters throughout the hydrogel disk. It 

should be noted that GE showed a small amount of non-specific staining with MitoTracker in 

the form of bright spots. Further, GE 
Mito imaged after 6 h of storage at room temperature did not 

show a change in the distribution of mitochondria (Figure S4). ATP production was detected 

for encapsulated mitochondria under respiratory conditions for 50 min after 3 h, 6 h, and 24 h 

of encapsulation in the hydrogel with GE 
Mito being stored in MRBSuccinate (Figure 2b). GE 

Mito was 

washed twice in MRB before and after ATP detection. No ATP production was observed in 

MRBSuccinate. On the other hand, the ATP production ability of the encapsulated mitochondria 

in MRBADP 
Succinate was ~1 nmol ATP per μg mitochondria protein after 3 h and ~0.5 nmol ATP 

per μg mitochondria protein after 6 h with a further statistically significant drop to ~0.3 nmol 

ATP per µg mitochondria within the next 18 h. Interestingly, the encapsulated mitochondria 

had comparable initial ATP productivity to the non-encapsulated mitochondria in MRBADP 
Succinate. 

Even after 24 h encapsulation in the gelatin-based disks, only ~ 30 % less ATP production 

was observed compared to non-encapsulated mitochondria. We would like to note that it was 
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attempted to detect the oxygen consumption of the encapsulated mitochondria in the GelMA 

disks but no significant difference in OCR values between mitochondria in MRBSuccinate, MRB

ADP 
Succinate, and MRBADP 

Succinate + antimycin A were found (Figure S3d). The lack of change in OCR 

could be due to interference of the GelMA hydrogel with MX as ATP production was still 

observed upon encapsulation of the mitochondria.  

 

2.2 Co-encapsulation of Isolated Mitochondria and Luciferase in GelMA-based Hydrogels 

2.2.1 Hydrogel Disks  

With the aim to equip the hydrogel disk with an ATP-dependent enzyme to illustrate the 

utilization of in situ produced ATP by mitochondria, luciferase was chosen as the model 

enzyme that oxidizes luciferin in the presence of ATP and Mg2+ to luciferyl adenylate and 

inorganic pyrophosphate. In the presence of oxygen, luciferyl adenylate reacts to generate 

oxyluciferin and adenosine monophosphate, accompanied by a detectable bioluminescent 

signal (Figure 3a). Luciferase was encapsulated in the GelMA disks at a final concentration 

of 0.3 mg mL-1 (GLuc). An increasing luminescence signal was observed after 35 min when 

these disks were incubated with 5 mM Mg2+ (as a part of MRB), 1 mM luciferin, and 

increasing amounts of ATP (Figure 3b), illustrating the successful enzyme encapsulation. 

Further, the loss of luciferase from GLuc during the washing steps was evaluated by measuring 

the luminescence of the supernatants from three subsequent washing steps. A minor 

bioluminescence signal (less than 6%) compared to GLuc was observed, indicating good 

retention of luciferase in the hydrogel (Figure S5). With the goal to illustrate that the in situ 

produced ATP by encapsulated mitochondria can be used to drive an enzymatic process, 

luciferase and isolated mitochondria were co-encapsulated into the same GelMA disk (GLuc 
Mito). 

Mitochondria were encapsulated at a concentration of 0.2 mg mL-1 mitochondrial protein and 

following the assembly, GLuc 
Mito was incubated with MRBSuccinate or MRBADP 

Succinate. Only GLuc 
Mito in 

MRBADP 
Succinate showed a luminescent signal after 35 min incubation (Figure 3c). The signal was 
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higher compared to the luminescence measured for GLuc incubated with 20 µM ATP, 

suggesting that the encapsulated mitochondria produced more than 20 µM ATP. ~ 55 µM 

ATP would be anticipated to be produced by GLuc 
Mito based on the colorimetric ATP detection of 

GE 
Mito (with 2 mg mL-1 mitochondrial protein encapsulated). Control experiments without 

luciferase (GE 
Mito) or without mitochondria (GLuc 

d ) had no luminescent signal above the 

baseline. Taken together, these findings illustrated that the encapsulated mitochondria 

produced ATP that could be employed to drive the ATP-dependent catalytic reaction. Further, 

we would like to note that an attempt to encapsulate luciferase in liposomes resulted in much 

lower catalytic activity, likely due to the low enzyme loading efficacy. A detailed account of 

this fact can be found in the Supporting Information.  

2.2.2 Hydrogel Particles 

Following on, the next step was to coencapsulate mitochondria and luciferase in cell-sized 

particles. The GelMA particles were fabricated using an Encapsulator B-390, collected in an 

ice-cooled oil bath and cross-linked by exposure to an LED light source (50 W, λ =  395 nm) 

for 60 s to produce ACLuc and ACLuc 
Mito, followed by extensive washing with MRB to remove 

oil. The morphology of the obtained particles was mainly spherical with some oblong 

particles present (Figure S6a,b). The sizes were 182 ± 84 µm for ACLuc and 137 ± 125 µm for 

ACLuc 
Mito (Figure S6c). ACLuc and ACLuc 

Mito were further imaged using CLSM stained with 

MitoTracker, which notably showed spots of high intensity probably due to residual oil. 

Nonetheless, a more diffusive MitoTracker signal inside the particle was observed in the case 

of ACLuc 
Mito (Figure 3di, ei). We would like to note that the mitochondria concentration was 10 × 

lower in ACLuc 
Mito (Figure 3ei) than GE 

Mito (Figure 2aii) resulting in a lower amount of 

mitochondria visible in the CLSM images of ACLuc 
Mito. Following on, ACLuc was incubated with 

5 mM Mg2+, 1 mM luciferin, and increasing amounts of ATP for 35 min before monitoring 
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the luminescence (Figure 3dii). The increasing signal with an increasing amount of ATP 

illustrated the maintained activity of luciferase during the fabrication and washing steps. 

Finally, mitochondria were co-encapsulated with luciferase resulting in ACLuc 
Mito, where the 

mitochondria were used as an ATP producing subunit by employing the in situ produced ATP 

to drive the enzymatic conversion of luciferin. ACLuc 
Mito was incubated with MRBSuccinate or 

MRBADP 
Succinate, and ACLuc was incubated in the presence of MRBADP 

Succinate. Only ACLuc 
Mito in MRB

ADP 
Succinate showed a luminescent signal after 35 min incubation (Figure 3eii). The produced ATP 

of ACLuc 
Mito was approximated by fitting the standard curve obtained for ACLuc using linear 

regression. Although the fit is relatively poor (R2 = 0.93), the ATP production capability of 

ACLuc 
Mito was determined to be 1.76 ± 0.15 nmol ATP µg-1 mitochondrial protein, or 1.64 ± 0.27 

pmol ATP ACLuc 
Mito

-1 given a concentration of 5.5 ± 1.1  x 104 particles mL-1 and 5 µg 

mitochondria per assay well. Further, it is noteworthy that the luminescence was measured ~ 

6 h after mitochondria isolation due to a long ACLuc 
Mito fabrication procedure. Thus, the hydrogel 

seemed to offer a supportive environment considering that the ATP production was ~1.5× 

higher compared to free, isolated mitochondria. In comparison to the GelMA disks, the ATP 

production of ACLuc 
Mito was ~ 3.5× higher compared to GLuc 

Mito after 6 h. This aspect might be due 

to a greater surface area per volume of the ACs compared to the GelMA disks, and thereby 

better substrate availability for the encapsulated mitochondria and luciferase in the former 

case. It should be noted that a 10× higher concentration of mitochondria was used for the 

encapsulation in GelMA disks (2 mg mL-1) compared to ACs (0.2 mg mL-1), as well as 

different quantification methods i.e., using colorimetric ATP detection for the disks and the 

luminescence signal obtained for ACLuc. These aspects might contribute to the measured 

differences in ATP production normalized to mitochondrial protein content. Nevertheless, the 
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results taken together show the capability of mitochondria to remain functional in the GelMA-

based hydrogel and act as an energy producing module in ACs.     

Synthetic systems have previously been used for ATP production. For instance, another effort 

in implementing ATP production in cell mimicry showed a maximum ATP turnover of 4.3 ± 

0.1 per chromophores per second, and these photosynthetic AOs were able to produce ATP 

after being stored at 4 °C for 1 month.[18b] Artificial photosynthetic cells made ATP for at 

least 6 h with 0.6 × 106 ATP per bRFoF1-PL within 4 h of illumination,[28] while mimicking 

oxidative phosphorylation in polymer and hybrid membranes allowed for several hours of 

ATP production with 3.6 ATP molecules per ATP synthase per second or 6.1 ATP per ATP 

synthase per second in polymersomes[31]. It should be noted that it is difficult to compare the 

ATP production of the (encapsulated) mitochondria to these bottom-up assemblies as that 

would require an estimate of the number of ETC units per mg mitochondrial protein. 

However, in another approach, a thylakoid membrane based energy module was reported that 

made 6.5 ± 0.5 mM ATP per min per mg total chlorophyll and lasted for up to at least 16 h 

under optimal conditions, which retained ~70 % relative activity.[29] In order to be able to 

compare our effort with literature, the ATP production in ACLuc 
Mito can be expressed as 1.75 ± 

0.15 mM ATP per mg mitochondria protein mass, given 5 µg mitochondria per assay well of 

100 µL. The luminescence was read after a 35 min incubation in MRBADP 
Succinate. Consequently, 

an additional approximation could be made of 0.05 mM ATP per min per mg mitochondria 

protein mass assuming a steady rate of ATP production over time. GE 
Mito showed a chemically-

driven ATP production of ~ 1.2 mM ATP per mg mitochondria protein mass after 50 min. 

Thus the thylakoid-based module showed higher ATP productivity with light-driven synthesis 

compared to purified mitochondria with chemically-driven ATP production. 



  

15 
 

 
 
Scheme 1. Mitochondria were isolated from HepG2 cells and their ATP production ability in 
solution and when encapsulated in gelatin-based disks were compared. Mitochondria were 
further encapsulated in GelMA-based particles to assemble artificial cells (ACs) and the in 
situ produced ATP was used to drive the enzymatic conversion from D-luciferin to 
oxyluciferin catalyzed by luciferase using light as the read-out.  
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Figure 1. Isolated mitochondria in buffer environments: a) Representative CLSM image of 
isolated mitochondria. Blue = MitoTracker, scale bar is 10 μm. b) i) The fluorescent dye JC-1 
accumulates in the mitochondrial matrix in the presence of an inner mitochondrial membrane 
potential (Δψm). JC-1 fluorescence shifts from green (λex/λem = 490/530 nm) in the 
monomeric form to red (λex/λem = 490/590 nm) upon agglomeration in a concentration-
dependent manner, and the red/green fluorescence ratio indicates the degree of inner 
membrane polarization. ii) The JC-1 red/green fluorescence ratio of isolated mitochondria 3 h, 
6 h, 12 h or 24 h after isolation in MRBSuccinate or MRBADP 

Succinate. Valinomycin was added as a 
negative control to dissipate the inner membrane potential. (n = 4 - 6, *p < 0.05) c) i) Cartoon 
of mitochondrial respiration assay. Purified mitochondria were placed in a heavy mineral oil 
sealed well in respiration buffer. Upon O2 consumption, a fluorescent dye (MX) quenched by 
O2 exhibits a fluorescent intensity increase. ii) The fluorescence of MX monitored over time 
of isolated mitochondria in MRBSuccinate or MRBADP 

Succinate. Antimycin A was added as an 
inhibitor of the mitochondrial complex III. State 2, state 3 and state 4 respiration is indicated. 
Linear regression is used to determine the oxygen consumption rate (OCR) as the initial slope 
of the curve (10 - 50 min) for state 2 and state 3. iii) OCR of mitochondria under different 
buffer conditions. (n = 3, *p < 0.05) d) ATP production of mitochondria is quantified 
colorimetrically 2 h, 5 h, or 24 h after isolation. (n = 3 - 4, *p < 0.05) Oligomycin was used 
for the 2 h time point to inhibit ATP synthase as a negative control (n = 1).  
 
  



  

17 
 

 

Figure 2. Mitochondria encapsulation in gelatin-based hydrogel disks: a) Representative 
CLSM image of an empty GelMA disk (GE) (i) and mitochondria encapsulated in GelMA (G
E 
Mito) (ii) taken immediately after assembly. Blue = MitoTracker, scale bar is 10 μm. b) ATP 
production of mitochondria encapsulated in a GelMA disk detected after 3 h, 6 h, and 24 h at 
room temperature in MRBSuccinate or MRBADP 

Succinate. (n = 3, *p < 0.05)  
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Figure 3. a) Scheme of the ATP dependent conversion of D-luciferin into luminescence and 
oxyluciferin by Firefly Luciferase (Luc). b) Luminescence of GLuc as a function of increasing 
concentrations of externally added ATP. c) Luminescence of GLuc 

Mito
 in MRBADP 

Succinate including 
controls that missed either Luc (GE 

Mito), mitochondria (GLuc), or ADP (GLuc 
Mito

 in MRBSuccinate). d) 
i) Representative CLSM image of ACLuc (blue = MitoTracker). Scale bar is 20 µm. n = 1. ii) 
Luminescence as a function of externally added ATP to ACLuc. n = 1. e) i) Representative 
CLSM image of ACLuc 

Mito (blue = MitoTracker). Scale bar is 20 µm. n = 3. ii) Luminescence 
detected for ACLuc 

Mito
 when ATP was in situ produced by the encapsulated mitochondria in MRB

ADP 
Succinate including controls without mitochondria (ACLuc) or without ADP (MRBSuccinate) had no 
luminescent signal. n = 3 for ACLuc 

Mito and n = 1 for ACLuc.  
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3. Conclusion 

We report the successful co-encapsulation of mitochondria as natural organelles and 

luciferase as an ATP dependent enzyme in GelMA disks and ACs. The in situ produced ATP 

by the mitochondria could be employed by luciferase as illustrated by monitoring the resulting 

luminescent signal. This effort is a complementary approach towards the assembly of ACs 

with an integrated energy source, a fundamental requirement for self-sustained assemblies. 

Admittedly, the activity of the encapsulated mitochondria decreased significantly within 24 h, 

but the functional period is at the better end when considering comparable efforts. In addition, 

mitochondria were encapsulated in cell-sized GelMA particles as ACs and showed a slight 

improvement in ATP production capability compared to free mitochondria, which illustrates 

the ability of mitochondria to act as an energy producing subunit. Although we limited the 

efforts to encapsulation in GelMA ACs of ~140 µm, we are currently exploring droplet 

microfluidics to obtain loaded ~40 μm sized spherical hydrogel beads that are more suitable 

for future efforts to integrate these type of assemblies with living mammalian cells as 

supporting ACs. Nonetheless, we demonstrate a semi-synthetic AC that can generate its own 

energy to drive simple catalytic reactions, and by doing so, ATP-dependent enzymes become 

applicable in cell mimicry.    

 
4. Experimental Section/Methods  

Materials: 4-(2-hydroxyethyl)piperazine-1-ethane-sulfonic acid (HEPES, x99.5%), Triton X-

100 (Tx), cell counting kit-8 (CCK-8), phosphate buffered saline (PBS), 0.25% trypsin-

EDTA, poly(L-lysine) hydrobromide (PLL, Mw = 30-70 kDa), sodium chloride (NaCl), 

sodium acetate (NaOAc), calcium chloride dihydrate (CaCl2, ≥ 99.0%), bovine serum albumin 

(BSA), adenosine 5′-diphosphate monopotassium salt dihydrate (ADP, A5285, ≥ 95.0 %), 

adenosine 5′-triphosphate disodium salt hydrate (ATP, A26209, 99 %), sodium succinate 

dibasic hexahydrate (S2378, ≥ 99.0%), magnesium chloride hexahydrate (MgCl2, M2670, ≥ 
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99.0%), potassium phosphate dibasic (K2HPO4, P3786, ≥ 98%), potassium chloride (KCl, 

P9333, ≥ 99.0%), antimycin A from Streptomyces sp. (A8674), oligomycin A (75351), D-(+)-

Galactose (G0750, ≥ 99%), D-mannitol (M4125, ≥ 98%), ethylene glycol-bis(2-

aminoethylether)-N,N,N′,N′-tetraacetic acid (EGTA, E4378, ≥ 97.0%), lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP), Span 80, Tween 80, mineral oil, ATP 

Colorimetric/Fluorometric Assay Kit (MAK190) and Isolated Mitochondria Staining Kit 

(CS0760), MEM non-essential amino acid Solution, sodium pyruvate, luciferine (L9504) and 

luciferase from photinus pyralis (L9420) were purchased from Sigma Aldrich. Mitotracker 

Deep Red FM (M22426), 1-Step™ Ultra TMB-Blotting Solution, fetal bovine serum (FBS), 

Minimum Essential Medium Eagle (MEME) with Earle’s Salts and sodium bicarbonate and 

Dulbecco's Modified Eagle Medium (DMEM) deprived of glucose with Earle’s Salts and 

sodium bicarbonate (11966025) was obtained from Thermo Fisher Scientific. 1,2‐Dioleoyl‐

sn‐glycero‐3‐phosphocholine (DOPC), 1,2‐dimyristoyl‐sn‐glycero‐3‐phosphoethanolamine‐

N‐(lissamine rhodamine B sulfonyl) (Rho-PE), and 1‐palmitoyl‐2‐(12‐[(7‐nitro‐2‐1,3‐

benzoxadiazol‐4‐yl)amino]dodecanoyl)‐sn‐glycero‐3‐phosphocholine (NBD-PC) were 

purchased from Avanti Polar Lipids. Rabbit anti-cytochrome C antibody (ab90529), rabbit 

anti-calnexin antibody (ab22595), and goat anti-rabbit IgG H&L (HRP, ab205718) were 

obtained from Abcam. Qproteome Mitochondria Isolation Kit was purchased from Qiagen. 

MitoXpress Xtra Oxygen Consumption Assay (MX-200-4) was purchased from Agilent. 10 X 

BoltTM Sample Reducing Agent and 4 X BoltTM LDS Sample Buffer were purchased from 

Invitrogen.  

HEPES buffer consisted of 10 mM HEPES and 150 mM NaCl at pH 7.4. Mitochondrial 

respiration buffer (MRB) contained 250 mM sucrose, 15 mM KCl, 1 mM EGTA, 30 mM 

K2HPO4, and 5 mM MgCl2 at pH 7.4. MRB supplemented with succinate (25 mM final 

concentration) or succinate and ADP (25 mM and 1.65 mM final concentrations) are referred 



  

21 
 

to as MRBSuccinate or MRBADP 
Succinate, respectively. All buffers were made using ultrapure water 

(18.2 MΩ cm−1 resistance) from ELGA Purelab Ultra system (ELGA LabWater, Lane End).  

Cell culture conditions: The human liver cancer cell line HepG2 was purchased from 

European Collection of Cell Cultures. HepG2 cells were cultured in 185 cm2 (TC-treated) 

culture flasks in either MEME or DMEM deprived of glucose at 37 °C and 5% CO2. All 

media were supplemented with 10% FBS, 2 mM glutamine, 100 μg mL−1 streptomycin, and 

100 U mL−1 penicillin (Thermo Fisher Scientific). In addition, 1% MEM Non-essential 

Amino Acid Solution was added to the MEME media, and 10 mM galactose and 1mM 

sodium pyruvate was added to the glucose deprived cell media. Media containing 25 mM 

glucose and 10 mM galactose are referred to as glu-media and gal-media, respectively. 

Mitochondrial isolation from HepG2 cells: Mitochondria were purified using the Qproteome 

Mitochondria Isolation Kit (Qiagen) following the instructions given by the manufacturer. 

Briefly, HepG2 cells were grown to confluence in 185 cm2 cell culture flasks. The cells were 

detached using 5 mL trypsin-EDTA for 5 min at 37 °C. The harvested cells were counted 

using a hematocytometer and 20 × 106 cells in suspension were centrifuged at 500 × g for 10 

min at 4 °C. The supernatant was removed, and 1 mL 0.9 % NaCl solution was used to wash 

the cells by re-suspending them and repeating the centrifugation step. The supernatant was 

removed, and the cells were re-suspended in 2 mL ice-cold lysis buffer and incubated on an 

end-over-end shaker for 10 min on ice. The cells were then centrifuged at 1000× g for 10 min 

at 4 °C. Next, the supernatant was removed, and cells were re-suspended in 1.5 mL ice-cold 

disruption buffer. The suspension was transferred to an ice-cold Dounce homogenizer, which 

was cleaned with 10 mM EGTA and mitochondria storage buffer provided in the kit. Cell 

disruption was completed by performing 80-100 strokes with the Dounce homogenizer on ice 

until at least ~ 80 % cells were disrupted and foam formed during disruption was removed. 

The lysate was transferred to an Eppendorf tube and centrifuged at 1000× g for 10 min at 4 °C 
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to pellet cell debris, unbroken cells, and nuclei. The supernatant was transferred to a clean 

Eppendorf tube and centrifuged at 6000× g for 10 min at 4 °C to pellet the mitochondrial 

fraction. The supernatant containing the microsomal fraction was removed, and the 

mitochondrial pellet was washed by re-suspending the pellet in 1.5 mL mitochondrial storage 

buffer and centrifuging at 6000× g for 20 min. The supernatant was discarded and the pellet 

was re-suspended in 30 µL MSB (250 mM mannitol, 5 mM HEPES, 0.5 mM EGTA, pH 

7.4).[43] 

Mitochondria quantification: The yield of isolated mitochondria was evaluated by quantifying 

the protein content in the mitochondria-enriched fraction. Protein quantification was 

performed using the Pierce™ BCA Protein Assay Kit (Thermo Fisher) following the 

manufacturer’s instructions. Bovine serum albumin (BSA) was used to create a standard curve 

for the BCA assay. The suspended mitochondrial pellet was diluted 1:49 into mitochondrial 

respiration buffer (MRB, 250 mM sucrose, 15 mM KCl, 1 mM EGTA, 30 mM K2HPO4, 5 

mM MgCl2, pH 7.4). A working reagent was prepared by mixing BCA Reagent A and 4 % 

Cu2+ sulfate pentahydrate solution in a 50:1 ratio. Then, 25 µL of each BSA standard (25 – 

2000 μg mL-1) and the mitochondrial sample was added in triplicate to a 96 well plate. 200 µL 

working reagent was added to each well and was mixed on a plate shaker for 30 s followed by 

30 min incubation at 37 °C. Then, the plate was cooled to room temperature (RT) and the 

absorbance at λabs = 562 nm was measured. 

Western Blot: Fractions obtained from differential centrifugation (cell debris, cytosolic, 

mitochondrial, and microsomal fractions) were mixed with Bolt sample reducing agent 

(Invitrogen) and Bolt lithium dodecyl sulfate (LDS) sample buffer (Invitrogen) and heated to 

80 °C for 5 min. An equivalent amount of proteins (8 μg) were loaded on 4 – 12 % Bis-Tris 

polyacrylamide gels and run at 120 V for 1 h using electrophoresis. The proteins were 

transferred onto nitrocellulose membranes and blocked with 5% BSA in Tris-buffered saline, 

containing 1 % Tween-20 (TBST) for 1 h. For detection, the primary antibodies were added 
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(1:1000 in 1 % BSA, 1 % Tween-20 in TBS) and the membranes were incubated overnight at 

4 °C. The blots were then washed 3 × with TBST before incubation with HRP-conjugated 

secondary antibody (1:2000 in 1 % BSA, 1 % Tween-20 in TBS) for 1 h at room temperature. 

Finally, the membranes were washed extensively with TBST and developed using a 

chromogenic detection kit according to the manufacturer’s protocol. 

Inner membrane potential assay: Isolated Mitochondria Staining Kit (CS0760, Merck) was 

used to test the inner membrane potential (Δψm) of isolated mitochondria. The assay relies on 

the accumulation of the lipophilic cationic carbocyanine dye 5,5′,6,6′-tetrachloro-1,1′,3,3′-

tetraethylbenzimidazolylcarbocyanine iodide (JC-1)[41] in the mitochondrial matrix due to the 

Δψm. According to the Nernst equation,[47] a more negative inner membrane potential (a more 

polarized state) will lead to an increase in JC-1 accumulation in the mitochondrial matrix. 

Upon the potential-dependent accumulation of JC-1, the dye exhibits an emission shift from 

green (λex/λem = 490/530 nm) in the monomeric form to red (λex/λem = 490/590 nm) in the 

agglomerated state. Valinomycin was used to dissipate the membrane potential as a 

control.[48] 

First, the JC-1 stain, JC-1 assay buffer, and valinomycin solutions were prepared according to 

the manufacturer’s protocol. The isolated mitochondrial sample was diluted to 0.5 mg mL-

1mitochondrial protein. Valinomycin was added at a final concentration of 0.5 µg mL-1 where 

required and kept on ice for 10 min to allow for the membrane potential dissipation. 90 µL of 

the JC-1 staining solution was added to a black 96-well plate and 10 µL of the mitochondrial 

sample was added per well. The red (λem = 590 nm) and green (λem = 530 nm) fluorescence 

was monitored using λex = 490 nm for 15 min at 30 s intervals. The statistical significance 

used to compare the distribution was a one-way ANOVA followed by a Tukey’s multiple 

comparison posthoc test (*p < 0.05). 
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Oxygen consumption assay of HepG2 cells: The MitoXpress Xtra Oxygen Consumption 

Assay (Agilent) was used to detect the oxygen consumption of intact cells and isolated 

mitochondria. The MitoXpress Xtra is a fluorescent compound quenched in the presence of 

O2 due to molecular collision making the fluorescent signal (λex/λem = 380/650 nm) inversely 

proportional to the amount of O2 present in the solution.  

HepG2 cells cultured in gal-media or glu-media were seeded into 96-well plates (80000 cells 

per well in 200 µL medium) and allowed to adhere overnight at 37 °C in 5% CO2. 

MitoXpress Xtra reagent was prepared by reconstituting the contents of MitoXpress Xtra vial 

in 1 mL of ultrapure water. 100 µL cell medium containing 10 µL MitoXpress reagent was 

heated to 37 °C and added to each well. As a negative control, cells were treated with 1 µL 

antimycin A (in DMSO) at a final concentration of 1.35 µM. Further, blank (cell media only) 

and cell-free negative control (100 µL cell medium containing 10 µL MitoXpress reagent) 

were included. Each well was promptly sealed using two drops of pre-warmed HS mineral oil. 

The fluorescence signal (λex/λem = 380/650 nm) was read immediately in a plate reader pre-

warmed to 37 °C for 100 min with 4 min intervals.  

Oxygen consumption assay of isolated mitochondria: The MitoXpress Xtra vial content was 

reconstituted in 1 mL of water and the reagent was diluted 1:10 in MRB to obtain the 

MitoXpress Xtra working solution. 100 µL was added to a black 96 well plate and heated to 

30 °C in an oven. Isolated mitochondria were diluted to 2 mg mL-1 of protein and 50 µL was 

added to each well for a final assay concentration of 0.5 mg mL-1 of protein. 50 µL of either 

MRBSuccinate or MRBADP 
Succinate were added to the wells. Antimycin A was added in 1 v/v % to 

MRBADP 
Succinate containing wells as a negative control at a final concertation of 1.35 µM. Further, 

a blank control (200 µL MRB) and a negative control (100 µL MitoXpress Xtra working 

solution and 100 µL MRB) were included. The wells were sealed and the fluorescent signal 

was monitored as outlined before. The oxygen consumption rates were approximated as the 
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slope of the linear curves between 10 min and 40 min. One-way ANOVA, followed by a 

Tukey’s multiple comparison posthoc test (*p < 0.05) was used to determine the statistical 

significance of the result. 

ATP quantification in isolated mitochondria: ATP production was quantified using the ATP 

Colorimetric/Fluorometric Assay Kit (MAK190) in a range of 20 – 100 μM. ATP is detected 

through the phosphorylation of glycerol resulting in a colorimetric product (λabs = 570 nm) 

proportional to the amount of ATP present in the sample. Isolated mitochondria were diluted 

to 2 mg mL-1 and 50 µL of this solution was added to each well in a 96 well plate. 50 µL 

MRBSuccinate or MRBADP 
Succinate and 100 µL MRB were added for a final mitochondrial 

concentration of 0.5 mg mL-1, and oligomycin (an ATP synthase inhibitor) was added for the 

2 h time point as a negative control at a final concentration of 1 µM. The plate was incubated 

for 50 min at 30 °C, while an ATP standard curve was prepared. Then, the mitochondrial 

sample from each well was diluted 4× or 8× and 50 µL was added into a 96 well plate. 50 µL 

of colorimetric reaction mix with converter (44 µL ATP assay buffer, 2 µL ATP probe, 2 µL 

ATP converter, and 2 µL developer mix) was added for ATP detection in samples, and 50 µL 

colorimetric reaction mix without converter was used as a blank to correct for background 

signals especially due to glycerol phosphate. The plate was incubated for 30 min at room 

temperature protected from light and the absorbance at λabs = 570 nm was measured. 

Visualization of isolated mitochondria: The mitochondria were visualized using confocal 

laser scanning microscopy (CLSM, Zeiss LSM700 CLSM, Carl Zeiss, Germany). 

Mitochondria were diluted to 2 mg mL-1 in a 200 nM Mitotracker Deep Red staining solution 

(in MRB) for 45 min. Images were taken with a 100× objective with the following settings: 

deep red channel λex = 639 nm, λem = 640 to 800 nm, laser power 6 %, detector gain: 900.  

Gelatin methacryloyl (GelMA) synthesis: GelMA was synthesized according to a reported 

protocol with some slight modifications.[49] Gelatin (type A, 15 g) was added to 150 mL PBS 
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buffer (25 °C, pH=7.4). The suspension was heated at 50 °C for a while until the solution 

became clear. Methacrylic anhydride (9 g) was then added dropwise to the solution while 

vigorously stirring. The mixture was kept stirring for one hour at 50 °C afterward. 300 

0.93water was added to dilute the solution and the mixture was loaded to dialysis tubing with 

a 3500 MWCO. The dialysis tubings were placed in a large beaker and dialyzed against water 

at 40 °C for a week with the water changed 2-3 times a day. After that, the solutions were 

combined and neutralized to pH = 7.4 with 1 mol L-1 NaHCO3 solution. Finally, the solution 

was lyophilized and stored in a freezer (-18 °C) before use. 

The degree of functionalization was calculated using a fluoraldehyde assay as previously 

described,[49] which was determined to be 58.5%. 

Fabrication of GelMA disks with encapsulated luciferase: 167 mg mL-1 (16.7 % w/v) GelMA 

in MRB was heated to 37 °C under gentle stirring until the GelMA was completely dissolved. 

1.67 mg mL-1 (0.167 % w/v) LAP photoinitiator was added to the dissolved GelMA to make a 

GelMA stock solution. GelMA disks were prepared by mixing 30 % v/v GelMA stock 

solution, 30 % v/v of either MRB or luciferase (1 mg mL-1), and 40 % v/v mitochondria (5 mg  

mL-1 or 0.5 mg mL-1 protein stock solution in ATP quantification or bioluminescence 

experiments) to create GLuc or GLuc 
Mito, respectively, with a final luciferase concentration of 0.3 

mg mL-1 and mitochondrial protein concentration of 2 mg mL-1 or 0.2 mg mL-1 in the disk. 

The final GelMA concentration was 50 mg mL-1 (5 % w/v) and 0.5 mg (0.05 % w/v) LAP. 

The final volume of the GelMA disks was 25 µL. They were cross-linked for 60 s under UV 

light (Eurolite LED IP FL-50 COB UV, 395 nm, 50 W) in a 96-well plate. 

Fabrication of GelMA-based ACs: 267 mg mL-1 (26.7 % w/v) GelMA in MRB was heated to 

37 °C under gentle stirring until the GelMA was completely dissolved. 5.0 mg mL-1 (0.5 % 

w/v) LAP photoinitiator was added to the dissolved GelMA to make a GelMA stock solution. 

GelMA particles were prepared by mixing 30 % v/v GelMA stock solution, 30 % v/v 
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luciferase (1 mg mL-1), and either 40 % v/v MRB or mitochondria (0.5 mg mL-1 protein stock 

solution) to make solutions for ACLuc or ACLuc 
Mito fabrication, respectively, with a final 

luciferase concentration of 0.3 mg mL-1 and a mitochondrial protein concentration of 0.2 mg 

mL-1 in the solution. The final GelMA concentration was 80 mg mL-1 (8 % w/v) and 1.5 mg 

mL-1 (0.15 % w/v) LAP. The solution was stirred at 37 °C for 10 min. The particles were 

formed using an Encapsulator B-390 (1300 Hz, 3 amplitude, and nozzle diameter of 200 µm). 

The mixture was fed into the encapsulator with 1.1 mL min-1. The particles were collected in 

a mineral oil bath containing 5 wt% Span 80 and Tween 80 (9:1 weight ratio) cooled on ice. A 

UV light (Eurolite LED IP FL-50 COB UV, 395 nm, 50 W) was used to cross-link the 

particles under stirring for 60 s before collecting the particles with a 40 µm cell strainer. 

Subsequently, the particles were washed 3× with MRB (4500 g, 5 min). The particles were 

further rinsed several times with MRB in a 40 µm cell strainer and collected in an Eppendorf 

tube to give ACLuc or ACLuc 
Mito. ACs without any added buffer were used when weighing the 

ACs and 25 mg per well were used in experiments where luciferase activity was measured, 

that correspond to a volume of ~ 25 µL. The AC concentration was estimated by manual 

counting of 3 × 2 µL droplets on a microscope.  

Visualization of GelMA disks: The GelMA disks were visualized using confocal laser 

scanning microscopy (CLSM, Zeiss LSM700 CLSM, Carl Zeiss, Germany). GelMA disks 

(GE and GE 
Mito) were prepared as outlined above using confocal dishes. The disks were stained 

with a 200 nM Mitotracker Deep Red solution (in MRB) for 45 min and washed twice with 

MRB. z-stacks were taken with a 63 × objective and a step size of 0.57 µm with the following 

settings for the deep red channel λex = 639 nm, λem = 640 to 800 nm, laser power 6 %, detector 

gain: 900.  
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Visualization of ACs – Bright field microscopy: 2 µL freshly vortexed AC solution was placed 

on a microscope slide and visualized by using an inverted Olympus microscope (IX81). The 

concentration was determined by counting all beads in 3 × 2 µL droplets for each assembly. 

Visualization of ACs - CLSM: The ACs were visualized using a confocal laser scanning 

microscopy (CLSM, Zeiss LSM700 CLSM, Carl Zeiss, Germany). ACs (ACLuc and ACLuc 
Mito) 

were prepared as outlined above and added to ibidi µ-slides (VI 0.4, uncoated). The ACs were 

stained with a 200 nM Mitotracker Deep Red solution (in MRB) for 45 min. Images were 

taken with a 40 × objective using the following settings for the deep red channel λex = 639 

nm, λem = 640 to 800 nm, laser power 6 %, detector gain: 900.  

ATP production of mitochondria in GelMA disks: GE and GE 
Mito were prepared as outlined 

above with a mitochondrial protein concentration of 2 mg mL-1 in the disks. The ATP 

production of GE 
Mito was detected with the disks prepared fresh 3 h after mitochondria isolation 

and the ATP production was further quantified 6 h and 24 h after isolation upon continuous 

encapsulation in the GelMA. Prior to ATP quantification, 25 µL MRBSuccinate or MRBADP 
Succinate 

and 50 µL MRB was added with 25 mM succinate final concentration and 1.65 mM ADP 

final concentration, and a final mitochondrial protein concentration of 0.5 mg mL-1 in the 

well. GE 
Mito was left at 30 °C for 50 min. The ATP was then quantified from 25 µL supernatant 

as outlined above. GE 
Mito was washed twice with MRB and left at room temperature in 50 µL 

MRBSuccinate. After 6 h and 24 h, the MRB was removed and exchanged with 50 µL MRB 

with 25 µL MRBSuccinate or MRBADP 
Succinate. The ATP was quantified from the supernatant as 

outlined above.  

Luciferase enzyme activity using externally added ATP: GLuc and ACLuc were prepared as 

outlined above. 25 µL of GLuc or 25 mg of ACLuc (~ 25 µL), and 25 µL MRB was added to a 

96 well plate. In the case of GLuc, the disks were washed three times using 100 µL MRB.  
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Next, 50 µL reaction buffer (RB, 2 mM D-luciferin, 1 mM Tris-HCl, pH 7.4 in MRB) was 

added. ATP was externally added (0-20 µM for GLuc and 0-80 µM for ACLuc) to each well and 

the luminescence was detected after 35 min in a multiplate reader. Additionally, the amount 

of released luciferase present in the supernatants from the three washing steps of GLuc was 

approximated by measuring the luminescence in the presence of 7 µM ATP.  

Luciferase enzyme activity using in situ produced ATP: GLuc 
Mito and ACLuc 

Mito were prepared as 

indicated above with a mitochondria protein concentration of 0.2 mg mL-1. A final volume of 

25 µL GLuc 
Mito and 25 mg ACLuc 

Mito (~ 25 µL) was used per well. 25 µL MRBSuccinate or MRBADP 
Succinate 

and 50 µL RB were mixed and added, giving a final mitochondrial protein concentration of 

0.05 mg mL-1. The luminescence was read after 35 min on an Enspire 2300 multilabel reader 

(PerkinElmer). The amount of ATP produced by the ACs was calculated based on the linear 

regression of the ACLuc standard curve. 
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Mitochondria are explored as energy generators in artificial cells (ACs). The mitochondria are 
purified from hepatocytes and their ATP production in a gelatin-based hydrogel is illustrated. 
The in situ produced ATP drives a catalytic conversion upon co-encapsulation with luciferase, 
showing the potential of mitochondria to act as an ATP producing subunit in hydrogel-based 
ACs.  
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Figure S1. Oxygen consumption of HepG2 cells cultured in glu-media and gal-media. a) 
Schematic of the MitoXpress assay. HepG2 cells in cell media deplete oxygen due to the heavy 
mineral oil seal. Representative fluorescence intensity of the MX probe monitored for 96 min 
in gal-medium (b) or glu-medium (c). The signal of media and MX was subtracted from the 
fluorescent values. As a negative control, cells were treated with antimycin A, which inhibits 
complex III of the electron transfer chain in mitochondria. d) The curve (40 - 60 min) is linearly 
fitted. The slope is given as the oxygen consumption rate (OCR). (n = 3) 
 

 
Figure S2. Western blots of the fractions obtained by differential centrifugation. Equal amounts 
of protein from the cell debris, cytosolic, microsomal, and mitochondrial fractions were loaded 
in each lane. a) Anti-cytochrome C (12 kDa band) and b) anti-calnexin (90 kDa band) antibodies 
were used as markers for mitochondria and endoplasmic reticulum, respectively.  
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Figure S3. a) Fluorescence of JC-1 treated isolated mitochondria. The ratio of red fluorescence 
over green fluorescence was measured in time 2 h (i), 5 h (ii), and 24 h (iii) after isolation in 
MSB or b) after 3 h (i), 6 h (ii), 12 h (iii), and 24 h (iv) in MRBSuccinate or MRBADP 

Succinate. Signals 
from isolated mitochondria and mitochondria pre-treated with valinomycin are shown. The 
endpoint measurements are shown for mitochondria stored in MSB (c). (n = 4 - 6) d) The 
oxygen consumption rates of mitochondria encapsulated in GelMA (GE

mito) in MRBSuccinate, 
MRBADP 

Succinate, or MRBADP 
Succinate + antimycin A as respiratory conditions.   
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Figure S4 Mitochondria encapsulation in gelatin-based hydrogel disks: a) Representative 
CLSM image of an empty GelMA disk (GE). Scale bar is 10 µm. b) Representative CLSM 
images of mitochondria encapsulated in GelMA (GE 

Mito) taken 6 h after assembly with GE 
Mito 

stored at room temperature, taken with a 63x (i) or 100x (ii) objective. Blue = MitoTracker, 
scale bar is 10 µm (i) or 5 μm (ii). 
 

 
 
Figure S5 The luminescence of GLuc and the supernatants during washing steps in the 
presence of 7 µM ATP. (n = 4 for GLuc and n = 2 for wash 1, 2, and 3) 
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Figure S6 Representative bright field images of the ACs. a) ACLuc with i) scale bar = 100 µm 
and ii) scale bar = 200 µm. b) ACLuc 

Mito with i) scale bar = 100 µm and ii) scale bar = 200 µm. c) 
Size distribution of the independent batches of particles (ACLuc 

Mito 1, ACLuc 
Mito 2, ACLuc 

Mito 3, ACLuc), 
with a minimum of 150 particles measured for each batch. (n = 1 for ACLuc, n = 3 for ACLuc 

Mito) 
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Luciferase-Loaded Liposomes as Artificial Subunits and Co-encapsulation with Isolated 

Mitochondria 

 

Experimental Section  

Liposome assembly: Liposomes were assembled using the film rehydration method. 1 mg 

DOPC was used in the assembly of LRho 
0.5 , LCF, and L while 5 µg Rho-PE was added to 

assemble LRho 
0.5 used for imaging with CLSM. 2.5 mg DOPC with either 25 µg NBD-PC, 25 µg 

Rho-PE or 25 µg NBD-PC and 25 µg Rho-PE were used to assemble LNBD, LRho and LNBD,Rho, 

respectively, used for the FRET experiments. The lipids were added to a 25 mL round-bottom 

flask and the CHCl3 was evaporated under a nitrogen flow followed by drying on a vacuum 

line for at least 1 h. For LLuc and L, the lipid film was initially rehydrated in 160 µL luciferase 

(5 mg mL-1) without vortexing or 160 µL HEPES buffer, respectively. 240 µL HEPES buffer 

was added to result in a final lipid concentration of 2.5 mg mL-1 and luciferase concentration 

of 2 mg mL-1. For LNBD, LRho, and LNBD,Rho , HEPES buffer was added to result in a final lipid 

concentration of 2.5 mg mL-1. For LNBD,Rho,Luc, the lipid film was rehydrated in 160 µL 

luciferase (5 mg mL-1) followed by 240 µL HEPES buffer. For LCF, 50 mM 

carboxyfluorescein (in HEPES buffer, pH 10) was added. The solutions were extruded 

through first a 400 nm (20×) polycarbonate filter followed by a 200 nm (19×) polycarbonate 

filter using an Avanti® Mini Extruder at room temperature. Size exclusion chromatography 

(Sepharose 2B) was subsequently used to remove impurities and non-encapsulated enzymes.  

Liposome characterization: The hydrodynamic diameter (Dh) and the polydispersity index 

(PDI) of the liposomes were determined by dynamic light scattering (DLS, Zetasizer nano 

S90, Malvern Instruments, UK) using a material refractive index of 1.590 and a dispersant 

(water at 25 °C) refractive index of 1.330. The liposomes were visualized by transmission 

electron microscopy (TEM). Electron microscopy grids were prepared by depositing 4 µL 

LLuc onto a glow-discharged 300 mesh copper formvar/carbon grid. The liposome solution 
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was added and left to adsorb for 30 s. Next, the grid was de-wetted and the grids were stained 

with 4 µL 2 % uranyl acetate for 5 s. TEM images were taken with a Technai G2 Spirit 

instrument (TWIN/BioTWIN, FEI Co.). Förster resonance energy transfer (FRET) 

experiments were performed by mixing 30 v/v % LNBD, LRho and LNBD,Rho stock solutions, and 

70 v/v % HEPES buffer to a final volume of 50 µL in a well of a black 96-well plate. In 

addition, LNBD,Rho,Luc was mixed with 70 v/v% MRBADP 
Succinate. The fluorescent emission spectra 

from λ = 490 to 700 nm were recorded using an excitation wavelength λex = 470 nm. Next, 

1 % Tx was added to each well and the emission spectra were recorded again after 30 min. 

Each sample was performed in duplicates in three independent repeats.  

Quench-release assay: LCF was diluted 1:1 in HEPES buffer and added to a 96 well plate. The 

fluorescence was measured before and after the addition of 1 % Tx at λex/λem = 492/517 nm 

either 2 h after LCF fabrication or left overnight at 4 °C and measured before and after 1 % Tx 

addition after 24 h. The measured fluorescence intensity after Tx addition for 2 h or 24 h was 

set to 100 %, and the measured values for LCF were normalized according to this.  

Fabrication of GelMA disks with encapsulated liposomes: 167 mg mL-1 (16.7 % w/v) GelMA 

in MRB was heated to 37 °C under gentle stirring until the GelMA was completely dissolved. 

1.67 mg mL-1 (0.167 % w/v) LAP photoinitiator was added to the dissolved GelMA to make a 

GelMA stock solution. GelMA disks with encapsulated liposomes were prepared by mixing 

30 % v/v GelMA stock solution, 30 % v/v of either MRB, L, LRho 
0.5 or LLuc, and 40 % v/v 

mitochondria (5 mg mL-1 protein stock solution) to create GE 
Mito, G

L 
Mito, GRho 

Mito, or GLLuc 
Mito , 

respectively, with a final mitochondrial protein concentration of 2 mg mL-1. The final 

concentration of GelMA was 50 mg mL-1 (5 % w/v) and 0.5 mg (0.05 % w/v) LAP. Further, 

30 % v/v GelMA stock solution, 30 v/v% L or LLuc, and 40 % v/v MRB were mixed to make 

GL or GLLuc and 30 % v/v GelMA stock solution and 70 % v/v MRB buffer was used to make  

GE. GNBD, GRho, GNBD,Rho and GNBD,Rho,Luc were assembled by mixing 30 v/v % GelMA stock 
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solution, 40 v/v % MRB and 30 v/v % LNBD, LRho, LNBD,Rho, or LNBD,Rho,Luc respectively, and 

the solutions were mixed thoroughly. The final volume of the GelMA disks was 25 µL. They 

were cross-linked for 60 s under UV light (Eurolite LED IP FL-50 COB UV, 395 nm, 50 W) 

in a 96-well plate. 

FRET in GelMA disks: The structural integrity of the liposomes in GRho, GNBD, GNBD,Rho, 

GNBD,Rho,Luc was determined by FRET measurements. The fluorescent emission spectra from λ 

= 490 to 700 nm of GE, GNBD, GRho, GNBD,Rho (in HEPES buffer) and GNBD,Rho,Luc(in MRB

ADP 
Succinate) were recorded using an excitation wavelength λex = 470 nm. Next, 1 % Tx was added 

to each well and the emission spectra were recorded after 30 min. Each sample was performed 

in duplicates in three independent repeats. 

Visualization of GelMA disk with encapsulated liposomes: The GelMA disks were visualized 

using confocal laser scanning microscopy (CLSM, Zeiss LSM700 CLSM, Carl Zeiss, 

Germany). GelMA disks (GRho, and GRho 
Mito) prepared as outlined above using confocal dishes. 

The disks were stained with a 200 nM Mitotracker Deep Red solution (in MRB) for 45 min 

and washed twice with MRB. z-stacks were taken with a 63 × objective and a step size of 0.57 

µm with the following settings: red channel λex = 555 nm, λem = 560 to 629 nm, laser power 

2 %, detector gain 600; deep red channel λex = 639 nm, λem = 640 to 800 nm, laser power 6 %, 

detector gain: 900.  

Liposome encapsulated luciferase activity using externally added ATP: L, LLuc, GE, and GLLuc 

were prepared as outlined above. 25 µL of sample and 25 µL MRB were added to a 96 well 

plate. Next, 50 µL reaction buffer (RB, 2 mM D-luciferin, 1 mM Tris-HCl, pH 7.4 in MRB) 

was added. Half the samples were treated with 1 % Tx and both non-treated and Tx-treated 

samples were performed in duplicate. ATP was externally added (0-20 µM) to each well and 

the luminescence was read after 35 min on a plate reader.  
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Liposome encapsulated luciferase activity using in situ produced ATP: GL, GLLuc, GL 
Mito, or G

LLuc 
Mito  were prepared as indicated above in a final volume of 25 µL. 25 µL MRBSuccinate or MRB

ADP 
Succinate and 50 µL RB were mixed and added. The luminescence was read after 35 min on an 

Enspire 2300 multilabel reader (PerkinElmer). 

In the case of conducting the experiment with LLuc and isolated mitochondria in solution, LLuc 

(30 v/v%, 7.5 µL), MRB (30 v/v%, 7.5 µL) and mitochondria (40 v/v%, 10 µL of 5 mg mL-1 

for a final protein concentration of 0.5 mg mL-1) in 25 µL MRBSuccinate or MRBADP 
Succinate and 50 

µL RB was added to a 96 well plate. 

 

Results and Discussion 

With the mitochondria able to produce ATP in the GelMA disks and ACs, the capability to 

facilitate an ATP dependent enzymatic reaction in a synthetic compartment was subsequently 

evaluated. With the aim to equip the hydrogel disk with liposomes that carry luciferase, an 

ATP-dependent enzyme, we first confirmed the structural integrity of these subunits. To this 

end, we assembled liposomes consisting of 1,2-dioleoyl-sn-glycero-3-phosphocholine 

(DOPC) lipids, with 1 wt% 1,2‐dimyristoyl‐sn‐glycero‐3‐phosphoethanolamine‐N‐(lissamine 

rhodamine B sulfonyl) (Rho-PE) and 1 wt% 1‐palmitoyl‐2‐(12‐[(7‐nitro‐2‐1,3‐benzoxadiazol‐

4‐yl)amino]dodecanoyl)‐sn‐glycero‐3‐phosphocholine (NBD-PC) using the thin film 

rehydration method followed by extrusion through 400 nm and 200 nm filters resulting in 

LNBD,Rho with a hydrodynamic diameter (Dh) of 275 ± 53 nm and a PDI of 0.34 as measured 

by dynamic light scattering (DLS). The two fluorescent lipids were chosen since they are a 

donor (NBD-PE)/acceptor (Rho-PE) pair that can be used in Förster resonance energy transfer 

(FRET) measurements (Figure S7ai, Figure S8a,b). We have previously employed FRET 

measurements to demonstrate the structural integrity of vesicles.[1] Then, LNBD,Rho was 

encapsulated into GelMA disks (GNBD,Rho) and the emission spectra were monitored in a 
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multiplate reader using λex = 470 nm (Figure S7ai-iv). As expected, an emission peak at λ = 

595 nm was observed, corresponding to the emission of Rho-PE (Figure S7aii). The addition 

of Triton-X (Tx) disintegrated GNBD,Rho and caused a loss in the FRET effect. Control 

experiments with liposomes that either contained only NBD-PC (LNBD, Dh = 257 ± 33 nm, 

PDI = 0.17) or Rho-PE (LRho, Dh = 216 ± 28 nm, PDI = 0.18) encapsulated in GelMA disks 

(GNBD or GRho, respectively) had the expected emission spectra and no FRET effect was 

observed (Figure S8bi, S8bii, S7aiii, S7aiv). It should be noted that GNBD, GRho, GNBD,Rho, and 

comparable concentrations of LNBD, LRho, and LNBD,Rho had very similar emission spectra, and 

that the encapsulation of luciferase in MRBADP 
Succinate in liposomes (LNBD,Rho,Luc) did not 

compromise the observed FRET effect (Figure S7aii-iv, S8). These observations together 

illustrated that the encapsulation process into the GelMA disks did not fragment LNBD,Rho. To 

test the permeability of the liposomal membrane, carboxyfluorescein was encapsulated at a 

quenched concentration (50 mM) in the DOPC liposomes (LCF), and the fluorescence was 

read at λex/λem = 492/517 nm after 2 h or 24 h of storage. At both time points, 1% Tx was 

added to fully release carboxyfluorescein into the solution and thereby dilute the compound to 

a non-quenched concentration, of which the fluorescence intensity was given as 100 %. After 

24 h, a significant amount of carboxyfluorescein had leaked from the liposomes into the 

surrounding solution, indicating that the liposomes were leaky (Figure S7av), however not 

completely disintegrated as indicated in the FRET experiments. Further, CLSM images 

revealed that liposomes containing 0.5 wt% Rho-PE (LRho 
0.5 ) were homogeneously distributed 

in the GelMA disks (GRho) (Figure S7avi).  

Following on, we encapsulated luciferase, an ATP-dependent enzyme, into these liposomes. 

Luciferase was chosen as the model enzyme that oxidizes luciferin in the presence of ATP 

and Mg2+ to luciferyl adenylate and inorganic pyrophosphate. In the presence of oxygen, 

luciferyl adenylate reacts to generate oxyluciferin and adenosine monophosphate, 
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accompanied by a detectable bioluminescent signal (Figure S7bi). Luciferase was 

encapsulated into liposomes using the previously outlined procedure with a final separation 

step to remove the non-encapsulated enzymes in a size exclusion column resulting in LLuc. 

LLuc had a hydrodynamic diameter of 209 ± 22 nm and a PDI of 0.2 as measured by DLS. 

Negative stain transmission electron microscopy (TEM) images confirmed the expected 

morphology of LLuc (S7bii). Further, when incubating LLuc in the presentence of 5 mM Mg2+ 

(as part of MRB) and increasing amounts of ATP, an increasing luminescence signal was 

observed after 35 min, demonstrating the successful encapsulation of functional luciferase 

(Figure S7biv). Finally, LLuc was entrapped in GelMA disks (GLLuc) and the preserved activity 

of luciferase was confirmed by monitoring the luminescence in the presentence of 5 mM 

Mg2+ following the addition of externally added increasing amounts of ATP (S7biii). Similar 

levels of luminescence were observed for comparable amounts of luciferase in LLuc and GLLuc, 

indicating that the encapsulation process into the GelMA disks did not lead to a loss of 

protein. However, it is noteworthy that much lower signals were obtained using LLuc 

compared to encapsulating free luciferase in the GelMA disks (~ 100 x lower signal), 

presumably due to a low encapsulation efficiency, as the protein content was below the 

detection limit when protein quantification was attempted. The addition of Tx to GLLuc and 

LLuc lead to a non-significant increase in luminescence, as seen by the relative ratio of 

luminescence of GLLuc and LLuc to GLLuc + Tx and LLuc + Tx, respectively (Figure S7biii, biv). 

Further, only a trend of higher luminescent signal when exposing the GLLuc to Tx was 

observed for higher ATP concentration, which was in agreement with the results obtained for 

LLuc (Figure S7biv), i.e., the diffusion of the substrate and product molecules was barely 

hindered by the presence of the lipid bilayer. This is supported by the observed leakage of 

carboxyfluorescein over time from LCF, as LLuc similarly was prepared 24 h before 

luminescence measurements, indicating a highly permeable membrane. This in turn can 
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explain the ability of ATP and Mg2+ to permeate the DOPC liposomes, which have been 

reported to be unable to cross the lipid membrane. 

 

With the goal to illustrate that the in situ produced ATP by encapsulated mitochondria can be 

used to drive an enzymatic process in a co-encapsulated synthetic subunit, LLuc and isolated 

mitochondria were co-encapsulated into the same GelMA disk (GLLuc 
Mito ). CLSM images of 

MitoTracker-stained mitochondria and LRho 
0.5  trapped in a GelMA disk showed the previously 

observed clustering of the mitochondria (Figure S7bv). Interestingly, in the presence of 

mitochondria, LRho 
0.5  were not homogeneously distributed as in GRho but clustered together with 

the mitochondria. Following the assembly, GLLuc 
Mito  were incubated with MRBSuccinate or MRB

ADP 
Succinate. Only GLLuc 

Mito  in MRBADP 
Succinate showed a luminescent signal after 35 min incubation (Figure 

S7bvi). Control experiments with empty liposomes (GL 
Mito) or no mitochondria (GLLuc 

d ) had no 

luminescent signal above the baseline. Taken together, these findings illustrated that the 

encapsulated mitochondria produced ATP could be employed to drive the ATP-dependent 

encapsulated catalytic reaction. It should be noted that the luminescent signal obtained for G

LLuc 
Mito  was comparable to the signal monitored for mitochondria and LLuc in solution, 

demonstrating that the encapsulation process did not have a negative impact on the 

performance of the mitochondria and luciferase in the used conditions and time frame. 

However, the low encapsulation efficiency of luciferase in DOPC liposomes and the ability of 

ATP to permeate the liposomes only due to its leaky nature makes the use of AOs unfavorable 

compared to the use of free luciferase in the GelMA hydrogels in this case, and further 

optimization in the use of liposomes as enzyme carriers is needed, such as an incorporation of 

membrane pores in the liposomes, before using the synthetic subunits in the assembly of ACs.  
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Figure S7 Luciferase loaded subunits: a) i) Förster resonance energy transfer (FRET) is 
employed to investigate the structural integrity of liposomes labeled with a FRET pair 
(LNBD,Rho) in a GelMA hydrogel. Emission spectra of GNBD,Rho (ii), GNBD (iii), and GRho (iv) (λex 
= 470 nm). Triton-X (Tx) was added to disassemble the liposomes. (n=3) v) The percentage of 
fluorescence (λex/λem = 492/517 nm) after 2 h or 24 h storage time of liposomes with 
carboxyfluorescein encapsulated (LCF) at a quenched concentration (50 mM), where the 
fluorescence intensity of LCF + 1 % Tx is 100 %. (n = 3, *p < 0.05) vi) Representative 3D 
reconstruction of z-stacks taken with CLSM of LRho 

0.5  encapsulated in GelMA disks (red: Rho-
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PE) stained with MitoTracker (blue). b) i) The luciferase in LLuc catalyzes the ATP dependent 
conversion of D-luciferin into luminescence and oxyluciferin. ii) Representative TEM image 
of LLuc. Scale bar = 200 nm. iii) Relative luminescence as a function of externally added ATP 
to GLLuc before and after 1% Tx addition with the luminescence ratio normalized according to 
20 µM with 1 % Tx. (n = 3) iv) Relative luminescence as a function of externally added ATP 
to LLuc before and after 1% Tx addition, with the luminescence ratio normalized according to 
20 µM with 1 % Tx. Co-encapsulation of mitochondria and LLuc into GelMA disks (GRho 

Mito): v) 
3D reconstruction of z-stacks taken with CLSM of GRho 

Mito. vi) Luminescence detected for GLLuc 
Mito  

when the ATP is in situ produced by the co-encapsulated mitochondria in MRBADP 
Succinate. In control 

experiments with empty liposomes GL 
Mito  or when ADP was not present (MRBSuccinate), no 

luminescent signal was observed. The luminescence of samples with LLuc and mitochondria in 
solution in similar concentrations as for GLLuc 

Mito  were shown for comparison. (n = 3, *p < 0.05) 
 
 

 
Figure S8. a) i) Cartoon of the LNBD,Rho with energy transfer from the donor fluorophore in 
NBD-PC to the acceptor fluorophore in Rho-PE via the FRET mechanism. The disassembly 
of LNBD,Rho by Tx is shown, which leads to the loss of the FRET effect. Emission spectra of 
LNBD (bi), LRho (bii), and LNBD,Rho (biii) when excited with λex = 470 nm before and after 
addition of 1% Tx. (n = 3) Emission spectra of LNBD,Rho,Luc (ci),GNBD,Rho,Luc (cii) when excited 
with λex = 470 nm before and after addition of 1% Tx. (n=1) 
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