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19
20 Abstract

21  Membrane fusion is essential for signaling, cargo delivery, and synthetic cell growth, yet its
22 mechanical consequences remain poorly defined. How fusion-driven membrane growth can be
23 sustained without compromising compartment stability remains an unresolved challenge. Here, we
24 established a minimal reconstituted system where content-loaded small liposomes fuse with single
25  cell-sized giant unilamellar vesicles (GUVs), combining micropipette delivery, electrodeformation,
26 and live imaging. Fusion outcomes were quantified through lipid and content mixing assays, GUV
27  electrodeformation to track area and tension, and phase contrast imaging to monitor leakage. GUVss
28  incorporated lipids and cargo from hundreds of thousands of vesicles at unprecedented efficiency
29  rates, enabling substantial growth. However, accumulation of leaflet asymmetries induced
30 curvature and tension, driving budding, rupture and leakage. Hemifusion amplified these
31  destabilizing effects. Lipid number asymmetries emerge as a dominant mechanical cost of fusion,


mailto:r.lira@tudelft.nl
mailto:rumiana.dimova@mpikg.mpg.de
https://doi.org/10.1101/2025.09.22.677743
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.22.677743; this version posted September 23, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

32 highlighting how cells may regulate these processes and guiding the design of therapeutic delivery
33 systems and synthetic cells capable of robust and stable growth.

34
35 Significance Statement

36 Membrane fusion enables essential biological processes from secretion to cell growth. Using a
37  synthetic system, we show that rapid fusion of small vesicles with model cell-like compartments
38  drives dramatic growth but also introduces leaflet asymmetries that build curvature and tension,
39  limit expansion and compromise membrane stability. By uncovering lipid number asymmetry as a
40  key mechanical cost of fusion, our study explains why cells tightly regulate fusion events and
41  provides principles for designing delivery vehicles and synthetic cells capable of robust, sustainable
42 growth.

43

44

45

46 Main Text

47

48 INTRODUCTION

49

50 In the course of the cell cycle, living cells must duplicate their components and double their

51  size to prepare for division. A critical aspect of this process is membrane growth, which requires
52  the incorporation of new membrane building blocks (i.e. lipids). In bacteria, lipids are inserted
53  directly into the cytoplasmic membrane(1, 2), while in eukaryotic cells, lipid synthesis occurs
54  primarily at the endoplasmic reticulum (ER) and is followed by redistribution through vesicular
55 trafficking(3, 4), or via secretory vesicles fusion(5). With the aim to reconstitute the cell cycle in
56  vitro, researchers have sought to mimic membrane growth of synthetic lipid compartments using

57  various strategies(6).

58 In synthetic cell-like compartments, surface area expansion can be accomplished by
59  incorporation of lipids or other amphiphiles through three main strategies: (i) insertion of molecules
60  or micelle supplied in the external medium, (ii) direct local de novo synthesis of lipids, or (iii)
61  fusion of vesicles. In the first route, amphiphilic molecules such as detergents, fatty acids or
62  lysolipids, are externally supplied, often in the form of micelles, driving measurable membrane
63  growth(7). However, this is often at the cost of membrane integrity due to their solubilizing effects.
64  Furthermore, this strategy has mostly been demonstrated using population of small vesicles and
65  lipid aggregates that elongate into tubules under external shear(8), limiting its relevance for cell-
66  sized vesicles(9). While spontaneous incorporation of fatty acid might have played a role in early

67  protocells(10), modern cellular membranes are composed of more stable phospholipids(11, 12).
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68 The second route, direct lipid synthesis, more closely reflects the situation in living cells.
69  However, the reconstitution of the required enzymatic machinery (including enzymes, co-factors,
70  and precursors) is technically demanding and prone to variability. Encapsulation of these
71  components often leads to large vesicle-to-vesicle variations(13, 14), and even in successful cases,
72 synthesized lipids result only in minimal membrane growth(15, 16). Furthermore, lipid synthesis

73 s slow, requiring timescales ranging from many minutes(15) to hours(17).

74 In eukaryotes, vesicular intracellular trafficking through tightly regulated cycles of
75  membrane fission and fusion enables continuous exchange of lipids from their production site to
76  other intracellular organelles(18, 19). Fusion of vesicles contribute to the dynamic regulation of
77  membrane area(20) and surface tension(21) while facilitating mass transfer of lipid and aqueous
78  content between organelles(22). Inspired by this biological framework, membrane fusion has been
79  explored as a strategy to promote growth in synthetic cell systems. However, achieving robust and
80  controllable growth of membrane-bound compartments via vesicle fusion (particularly with cell-

81  sized vesicles) remains a significant challenge.

82 Few studies have demonstrated growth via fusion in synthetic systems, and even those have
83  shown only modest membrane area increase, whether using lipid-(23) or polymer-based (24)
84  compartments. These increases are very far from the minimal requirement for functional growth,
85  such as area doubling (here, we exclude studies involving fusion between two preformed cell-sized
86  vesicles(25, 26), which do not recapitulate the asymmetry and directionality required for synthetic
87  cell growth). Furthermore, it remains unclear whether repeated fusion events trigger potential
88  structural alterations of the target compartment membrane, an essential prerequisite for developing
89  stable, sustainable and functional synthetic cells. While there is evidence that membranes can
90 become leaky under certain fusogenic conditions(27-31), no current system has demonstrated

91  substantial, non-destructive membrane growth through fusion.

92 To develop lipid-based vesicular compartments capable of controlled growth (and
93  ultimately division), fusion strategies must meet several criteria: they must be highly efficient, fast,
94  and gentle enough to preserve the integrity and functionality of the compartmental membrane.
95  Fusion of membranes made of cell-compatible building blocks not only advances the design of
96  synthetic cells, but also gives valuable insights into the working principles of membrane fusion and

97  arearegulation in cells.
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98 Cationic large unilamellar vesicles (LUVs) can fuse very efficiently with both living
99  cells(32) and cell-sized phospholipid giant unilamellar vesicles (GUVs) (33). The fusion process
100  can be finely-tuned by adjusting biophysical parameters such as membrane charge density(33) and
101  fluidity(34). Unlike protein-mediated fusion, which relies on complex biochemical reconstitution
102  of proteoliposomes(35), fusion with charged LUVs involves far simpler preparation and is
103  significantly more fusogenic (Lira and Witkowska, in preparation), making it an attractive strategy

104  for fusion-mediated growth of synthetic membrane compartments.

105 In this work, we fuse cationic LUVs with GUVs as a route to achieve unprecedent growth
106  of cell-like synthetic cell compartments. Although membrane fusion has been widely studied, only
107 few studies have demonstrated considerable membrane area increase, and even fewer have
108  quantified it. To quantify fusion efficiency, membrane area growth, and any resulting
109  morphological or structural changes, we combined single-vesicle spectroscopy, micromanipulation
110  and real-time microscopy. The use of fluorescence resonance energy transfer (FRET) and content
111  mixing assays helped us assess fusion efficiency of LUVs locally injected in the vicinity of GUVs.
112 We measured the resulting GUV area increase and investigated how fusion of a large number of
113 inherently asymmetric LUVs affects GUV morphology and mechanics, with particular attention to
114  the resulting GUV transmembrane lipid asymmetry. Specifically, we examined how vesicle size,
115  fusion frequency, and lipid leaflet imbalances influence the capacity of GUVs to accommodate new
116  membrane material. Our findings underscore the critical role of lipid number asymmetries between
117  bilayer leaflets in shaping the growth, stability, and mechanical response of synthetic membrane
118  compartments. These insights offer a step toward designing vesicle systems capable of sustained
119  growth and functional behavior, and may illuminate fundamental aspects of membrane dynamics

120  relevant to both synthetic biology and cellular membrane homeostasis.

121

122

123 RESULTS

124

125 To drive GUV growth via fusion, we prepared cationic LUVs from mixtures of the

126  positively charged lipid dioleoyl trimethylammonium propane (DOTAP), the cone-shaped lipid
127  dioleoyl phosphoethanolamine (DOPE) and a small fraction of the FRET acceptor dye lissamine-
128  rhodamine-labelled PE lipid (DPPE-Rh) at 1:1:0.1 molar ratio. DOTAP alone is sufficient to
129  mediate fusion of cationic liposomes with GUVs, whereas the addition of DOPE further enhances
130  fusogenicity(36).
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131 The LUVs were incubated with neutral GUVs composed of pure palmitoyl-oleoyl
132 phosphatidylcholine (POPC), or with negatively charged GUVs composed of mixtures of POPC
133  and palmitoyl-oleoyl phosphatidylglycerol (POPG) at molar ratios of 5:5 unless stated otherwise.
134  All GUV compositions included trace amounts of the FRET donor DPPE-NBD [1,2-dipalmitoyl-
135  sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (ammonium)] in the

136  membrane.
137
138  Quantification of membrane fusion efficiency

139 Here, we employed three independent methods to quantify the increase in GUV membrane
140  area resulting from the fusion of LUVs: (i) a lipid-mixing FRET assay, (ii) a content-mixing assay
141  based on encapsulated dye, and (iii) direct quantification of area increase using GUV
142 electrodeformation. Notably, the latter two approaches are applied here for the first time to
143  quantitatively evaluate fusion at the single-vesicle level. By integrating quantitative imaging with
144  micromanipulation, we were able to assess not only the number of LUV fused per GUV, and, thus,
145  the amount of material delivered to the GUV membrane and lumen, but also the resulting changes
146  in GUV composition, leaflet asymmetry, membrane integrity, and area — all in a single-vesicle,

147  self-contained experiment.

148 In method (i), fusogenic cationic LUVs containing the FRET acceptor probe DPPE-Rh
149  fused with GUVs containing the FRET donor molecule DPPE-NBD. The FRET efficiency (Epggr)
150  is measured directly on the GUV membrane and defined as Epgrgr = Igp/(Uysp + Ign) » Where Igy, is
151  the fluorescence intensity in the FRET channel (excitation of NBD and emission of Rh due to
152  FRET) and Iy, is the fluorescence intensity of the donor probe (direct excitation and emission of
153  NBD). Fusion efficiency can be assessed using confocal fluorescence microscopy based on FRET
154  between membrane-incorporated donor (DPPE-NBD) and acceptor (DPPE-Rh) dyes. We
155  monitored FRET changes via ratiometric imaging, which offers higher temporal resolution than
156  lifetime-based measurements(33, 34, 36, 37), enabling us to resolve fast fusion kinetics. Figure S1
157  shows how we measure membrane intensity. In the absence of fusion, GUVs lacking the FRET
158  acceptor exhibit Epzgr = 0. To avoid confounding effects from reduced Epggr caused by LUV
159  docking, measurements were restricted to regions free of docked vesicles. Fusion ideally results in
160 the transfer of the acceptor (DPPE-Rh) to the GUV membrane, yielding Erzgr> 0. Thus, the extent
161  of FRET, and hence the relative donor-acceptor ratio in the GUV, can serve as a quantitative proxy
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162  for the number of LUVs that have fused with a given GUV. To calibrate the relationship between
163  FRET efficiency and lipid mixing, we constructed a FRET curve using GUVs containing different
164  molar fractions of DPPE-Rh (05 mol%) while maintaining a constant amount of DPPE-NBD (0.5
165 mol%) (Figure S2A,B). This calibration emulates the progressive incorporation of acceptor lipid

166  during fusion and enables us to estimate the fraction of lipids (Xfys,) transferred from LUVs to

167  GUVs during fusion.

168 For method (ii), we assessed content mixing using the water-soluble dye Atto, which was
169  encapsulated inside LUVs. To quantify dye transfer into GUVs upon fusion, we first constructed a
170  fluorescence calibration curve of free Atto at known concentrations in solution (Figure S2C).
171  Content mixing serves as an independent fusion readout and helps distinguish full fusion (where
172 both lipid and aqueous contents are exchanged) from partial intermediates such as docking or
173  hemifusion (which can produce FRET signal). An important advantage of these single-vesicle
174  fluorescence microscopy methods over bulk fluorimetry is their ability to simultaneously reveal
175  morphological changes, such as area expansion, membrane fluctuations, and budding, which also

176 serve as sensitive indicators of fusion extent and outcome.

177 We performed end-point measurements of lipid and content mixing on individual GUVs
178  after 10-15 minutes of incubation with increasing concentrations of LUVs, a duration previously
179  shown to be sufficient for fusion based on isothermal titration calorimetry(38), LUV-GUV mixing
180  in microfluidic traps(33) and local LUV microinjection (see below). Representative confocal
181  images (Figure 1A) show that both lipid and content mixing in negatively charged GUVs
182  progressively increase with LUV concentration. Interestingly, the GUV morphology also
183  undergoes noticeable changes depending on the LUV concentration. The fusion experiments were
184  performed in mildly hypotonic solutions to ensure that changes in vesicle area/volume are solely a

185  result of fusion (i.e. growth).

186 At low LUV concentrations, both FRET and Atto signals indicate successful fusion events
187  (lipid and content mixing), and the GUVs remain spherical (Figure 1A, 5 uM lipids). At
188  intermediate concentrations, fusion becomes more pronounced: both lipid and content mixing
189  signals increase, the GUVs are no longer spherical but exhibit visible membrane fluctuations,
190 indicative of excess area (Figure 1A, 10 uM lipids). At high LUV concentrations, GUVs return to
191  a more spherical appearance, but now contain numerous small membrane buds (arrows in Figure

192 1A, (Figure 1A, 15 uM lipids) and no longer show membrane fluctuations, suggesting that excess

6
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193  area has been compartmentalized into protrusions. Fusion reactions at higher LUV concentrations
194  were not pursued because they often caused GUV rupture, characterized by the formation of large
195  pores, vesicle bursting, and transformation into tubular structures(36). As discussed further below,
196  this behavior suggests that increased spontaneous curvature effects lead to a reduction in both the

197 number and size of GUVs as the LUV concentration rises.

198 Figure S3 presents measurements of Atto intensity inside the GUV lumen as a function of
199  Epggr, showing that in negatively charged GUVs, lipid and content mixing occur in a coupled
200  manner. Using the calibration data (Figure S2) and the raw data in Figure S3, Figure 1B displays
201  the calculated Atto concentration in the GUV interior (Cy¢t) as a function of Xr5,, the estimated
202  fraction of GUV lipids that originate from LUVs via fusion (see Methods for derivation). Under
203  the tested conditions, fusion of 15 uM LUVs (lipid concentration) results in the delivery of up to
204 50 nM Atto (initially encapsulated in the LUVs at 20 uM concentration), with more than 50 mol%
205  of the GUV membrane lipids originating from the LUVs. The data confirm that LUVs fuse
206  extensively with GUVs, significantly increasing their membrane area and altering their lipid
207  composition. Figures 1C and 1D show that both X5, and Custo increase linearly with LUV

208  concentration across a large number of GUVs.

209
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211 Figure 1. Quantification of fusion efficiency from bulk incubation of GUVs with fusogenic LUV
212 solutions via simultaneous detection of lipid and content mixing. (A) Snapshots of negatively-charged
213 POPC:POPG GUVs (1:1, molar ratio) incubated with increasing concentrations of LUVs. A neutral POPC
214 GUYV incubated with LUVs is also shown at the bottom. Left column: overlay of FRET donor channel (NBD,
215 green), acceptor channel (FRET, red) and encapsulated content marker (Atto emission, white). Right column:
216 overlay of DPPE-Rh and Atto signals (both initially located in the fusogenic LUVs) upon direct excitation,
217 highlighting LUV docking as bright white puncta on the GUV surface (arrows). Atto was encapsulated in the
218  LUVs at a concentration of 20 uM. The very faint signal in the Rh channel (red) of the POPC vesicle is due
219 to low fusion efficiency. (B) Atto concentration in the GUV lumen (indicative of content mixing) as a
220 function of the fraction of GUV lipids originating from LUV fusion (Xf,,) for both POPC and POPC:POPG
221 GUVs. Individual data points (open symbols), means (half-filled symbols), and standard deviations are
222 shown. Inset: magnified view of the data for POPC GUVs. (C, D) fraction of lipids in the GUVs transferred
223 from the LUVs and Atto concentration (Cu¢o) as functions of LUV concentration (in terms of lipid
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224 concentration). Means and standard deviation from the measurements shown in B. Linear fits are shown for
225 each dataset. Scale bars: 10 pm.

226

227

228 We also examined whether the LUVs fuse as efficiently with electrically neutral GUVs.
229  Incubation of LUVs with neutral POPC GUVs resulted in detectable fusion as indicated by an
230  increase in Egpggr (reflecting lipid mixing) with raising LUV concentrations (see also Figure S3).
231  However, for comparable LUV concentrations, lipid mixing was much lower in neutral than in
232 negative GUVs (Figure 1B,C). More importantly, changes in Egpggr were only modestly
233  accompanied by content mixing signal, even at higher LUV concentrations, suggesting that fusion
234 with neutral GUVs predominantly results in docking and hemifusion — a finding consistent with
235  previous lipid quenching experiments(33). At high LUV concentrations, we still detect a small

236  amount of Atto in the GUV lumen, indicating that some content mixing does occur.
237
238  Real-time fusion

239 The bulk experiments described above allowed us to study LUV fusion with GUVs under
240  controlled and increasing LUV concentrations. While robust, this approach yields only end-point
241  measurements and lacks temporal resolution and morphological context. To capture the kinetics
242  and morphological changes of the GUV membrane during fusion, we performed real-time
243  experiments by microinjecting LUVs near individual GUVs and imaging their response

244  dynamically.

245 The LUVs were microinjected approximately 20-50 pm from the GUV using a
246  micropipette. Upon exiting the injection pipette, LUVs are rapidly diluted in the surrounding
247  medium. Thus, we used a high LUV concentration (420 uM lipid concentration) to load the
248  micropipettes. Imaging was performed using multicolor confocal microscopy combined with
249  phase-contrast to simultaneously visualize lipid mixing, content mixing, and morphological
250  changes. GUVs were prepared in sucrose and dispersed in glucose, rendering them optically distinct
251  (appearing darker and with a bright halo) under phase contrast microscopy due to differences in the
252  refractive index. Loss of optical contrast served as an indicator of increased membrane permeability
253  and solute exchange, often associated with pore formation. Figure 2A shows a configuration of the

254  experiment and the Supporting Information (SI) and Figure S1 detail the quantification method.

255
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257 Figure 2. Real-time monitoring of LUV-GUYV fusion via micropipette injection. (A) Confocal/phase-
258 contrast overlay of a GUV during local injection of LUVs (420 uM lipid concentration) from a micropipette.
259 Fusion begins immediately on the membrane side facing the pipette, indicated by red fluorescence. Scale bar:
260 10 pm. (B) Time-lapse sequence of a GUV during fusion. Top row: lipid mixing visualized by overlaying
261 direct emission from the donor NBD (green, in the GUV) and the acceptor Rh (red, in the LUVs); middle
262 row: content mixing (including Atto signal, grayscale); bottom row: phase-contrast imaging. Scale bar: 20
263 pm. (C) Quantitative analysis of Epggr (lipid mixing), fraction of membrane lipids originating from LUVs,
264 Cyptro (lumenal dye concentration), n;y, (number of fused LUVs), and normalized optical contrast for the

10
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265 GUYV shown in B. Errors are from two independent measurements on the same GUV. Circles show measured
266  values; lines are a guide to the eye. Representative GUV morphologies characteristic for the regions indicated
267  in the graph are shown in panel B. (D, E) Box plots of calculated fusion rates: absolute (D) and normalized
268 by GUV area (E). Data points are measurements on individual GUVs. (F) Estimated fractional increase in
269 GUV membrane area, AA/A,, based on content mixing. The dashed lines represent the initial GUV area
270  before fusion and its estimated doubling. The GUVs (POPC:POPG, 5:5 molar ratio and labelled with 0.5
271 mol% NBD) were prepared in 200 mM sucrose and dispersed in 185 mM glucose.

272

273 Immediately upon injection, Egpzzy increases locally at the GUV side facing the
274  micropipette (Figure 2A,B). This signal later spreads due to lateral lipid diffusion and further fusion
275  events across other parts of the GUV. Concurrently, Atto fluorescence in the lumen and GUV
276  morphology change progressively, capturing the entire fusion trajectory (Figure 2B and Movie S1).
277  The initially spherical GUV gains membrane area and volume, resulting in pronounced shape
278  fluctuations (e.g., floppy membranes at 39 s). Continued fusion triggers budding transitions, which
279  store excess membrane area (e.g., at 126 s). Eventually, the GUV becomes permeable, as indicated
280 by progressive loss of phase contrast (>190 s), consistent with submicron pore formation. Notably,
281  the onset of contrast loss occurs stochastically but reproducibly across different GUVs. Pore
282  formation leads to delayed leakage of Atto (compared to sucrose/glucose), due to its lower diffusion

283  rate and continued supply (see Figure 4).

284 Quantitative analysis in Figure 2C shows the broad spectrum of information that can be
285  obtained from the experiment. The values of Epgpgr rise to saturation levels. Note that the
286  measurements were taken from the membrane region facing the pipette, leading to precise but likely
287  overestimated global values in the beginning of the experiment. Furthermore, rather than complete
288  lipid replacement and saturation of fusion, the saturation of Eqzpr reflects measurement limits
289  introduced by the definition of this quantity (for Irp, > Iygp, Erger approaches 1, regardless of the
290  absolute amount of lipid mixing). Using the calibration curve in Figure S1, we estimated that
291 60,000 LUVs fuse with a single GUV during the experiment. This corresponds to a substantial
292  change in local membrane composition: by the end of the measurement, approximately 60% of the

293  GUV membrane lipids originate from the LUVs.

294 A complementary estimate can be derived from the content-mixing signal. Because Atto
295  diffuses rapidly in the GUV lumen (diffusion coefficient ~400 um?*s(39)), the resulting
296  fluorescence signal is spatially homogeneous and provides a reliable bulk measure of lumenal
297  content transfer. When LUVs encapsulating 20 uM Atto fuse with GUVs, we measure a final Atto
298  concentration in the GUV lumen of approximately 250 nM. This corresponds to ~500,000 LUVs
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299  fusing with a single GUV, yielding a high fusion efficiency (Xfy, or around 75%). To the best of

300 our knowledge, this represents the highest level of fusion efficiency reported for any membrane

301 fusion system, although quantitative reports of fused LUVs (n;yy) are rare in the literature(40).

302 As can be expected, the number of fusion events (1) scales with GUV size — larger
303 GUVs accommodate more fusing LUVs (Figure S4 A). Interestingly, we observed that at later
304  stages of the fusion process, GUVs become permeable. In the example shown in Figure 2A-C,
305  contrast loss begins around 130 seconds and continues until the enhanced optical contrast conferred
306 by the sugar asymmetry is lost. This indicates that the membrane can support a substantial number
307  of fusion events while remaining intact, enabling the fusion of tens of thousands of LUVs
308  (corresponding to approximately a doubling of membrane area) before its integrity is compromised.
309 Beyond a certain threshold, however, membrane pores form and leakage is sustained for at least 1—
310 2 minutes (once the contrast is lost, we do not have a readout for leakage). While the onset and
311  kinetics of these transitions vary depending on local LUV concentration and GUV size, the

312  sequence of events is qualitatively reproducible for all GUVs.

313 Because n; ;;y is measured dynamically, we can calculate the fusion rate directly. From this
314  point onward, we focus on the content mixing data, as the FRET signal saturates at high n; ;;,, and
315  does not account for donor dilution caused by membrane area expansion. We determined fusion
316  kinetics using the linear phase of the content mixing signal (Figure S4B). Figure 2D shows that, on
317  average, ~1,500 LUVs fuse with a GUV per second, with peak rates reaching up to ~5,000 LUVs
318  per second in some cases. When normalized to the GUV membrane area, this corresponds to a
319  fusion rate of approximately 1 LUV per 3 um? per second (Figure 2E). These data not only reveal
320 aremarkably high extent of fusion, but also demonstrate that fusion occurs at extraordinary speed.
321  To our knowledge, such rapid and extensive fusion has not been reported in other GUV fusion

322 systems, making this result particularly noteworthy.

323 Given this high fusion efficiency, we next estimated the resulting increase in GUV
324  membrane area due to LUV fusion (see approach in SI). This calculation allows us to quantify the
325  growth of the GUV compartment via fusion. A fractional area increase of 0 corresponds to no
326  growth, while a value of 1 (100%) reflects a doubling of the membrane area. Figure 2F presents
327  the fractional area increase for 21 individual GUVs. Most GUVs display at least a two-fold increase
328  in area, with some showing substantially greater expansion. It is worth noting that particularly high

329  values may be overestimates, as GUV volume tends to decrease at high n;y, values (Figure S5),
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330  likely due to budding, leakage and increased membrane tension. This could result in an elevated
331  lumenal Atto concentration (Cy4¢0 ), Which affects area estimation. Additionally, GUVs that develop
332  pores experience Atto leakage, leading to an apparent reduction in calculated area gain at later time

333  points.

334 In summary, the exceptionally high level of LUV fusion not only increases GUV
335 membrane area substantially, but also underscores the potential of this system to support growth
336  and area doubling. The latter represent key prerequisites for constructing synthetic compartments

337  capable of division and self-replication.
338
339  Effective increase in GUV area is only partially available for compartment growth

340 Membrane fusion inherently increases the surface area of the involved compartments, such
341  as cells, organelles, or GUVs. However, this increase is rarely directly measured or detected, with
342  only a few exceptions. Previous studies have mostly relied on indirect assessment, employing
343  approaches such as dynamic light scattering of small liposomes(38, 41), electron microscopy(27,
344  42,43), or detection of modest overall GUV size increases induced by osmotic swelling combined
345  with fusion(23) and low-efficiency DNA-mediated fusion(44). These techniques typically depend
346  on ensemble measurements, which obscure heterogeneities within samples. Additionally, some
347  methods involve sample destruction (e.g., electron microscopy), while others lack sufficient
348  efficiency to generate measurable growth. Our system overcomes these limitations by enabling
349  direct, high-resolution, real-time measurement of membrane area changes at the single-vesicle

350 level.

351 To determine whether this gained membrane area is functionally available for compartment
352  growth rather than accumulated in defects, we applied a weak alternating current (AC) electric field
353  to mechanically deform the GUVs and pull out the deformations (45, 46). Electrodeformation is a
354  well-established technique to quantify membrane area changes and mechanical properties(46, 47),
355  having been previously used to assess area expansion upon insertion of amphiphilic molecules(7,

356  48), lipid photooxidation(49) and to quantify GUV excess area(50)

357 In these experiments, GUVs were slightly inflated using mildly hypotonic conditions to

358 minimize pre-existing excess area, ensuring that observed deformations reflect fusion-mediated
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359 area gain. Electrodeformation was performed simultaneously with lipid and content mixing

360 measurements, providing complementary and independent methods to assess are increase.

361 When GUVs were exposed to increasing bulk concentrations of LUVs, we observed clear
362 and quantifiable deformations up to ~ 10uM LUV lipid concentration (Figure S6). At this
363 concentration, on average, 3,000 LUVs fuse to single GUVs, resulting in substantial membrane
364  area gain. At 15 uM lipid concentration, deformation was still observed but began to coexist with
365 membrane budding, limiting the use of electrodeformation to accurately quantify area. At even
366  higher concentrations, the GUVs no longer deformed in response to the AC field. These results
367  suggest that although fusion delivers substantial new membrane material, not all of it remains
368  available as free surface area of the GUV compartment. Instead, a portion is stored in membrane
369  structures such as buds, which impose mechanical tension on the GUV and limit further

370 deformation.

371 To gain dynamic insight into this transition, we performed real-time imaging of GUVs
372  undergoing LUV fusion under an AC field (Figure 3A). Based on the above results, we
373  hypothesized the following sequence: (i) the GUV is initially spherical and undeformed (i.e. tense
374 Dby the slight osmotic inflation), (ii) as LUVs fuse, membrane area increases, allowing the GUV to
375  deform under the field, (iii) further fusion drives maximum deformation, and (iv) the GUV

376  undergoes a budding transition that counteracts further deformation.

377 Figure 3B shows time-lapse images of a typical experiment that supports this sequence.
378 Initially, the mildly inflated GUV is spherical and exhibits no deformation (at the onset of injection,
379  t=0s,). As fusion progresses, evident from increases in FRET and Atto dye transfer, the GUV
380  deforms (t=11.4-18.9 s) and continues to elongate (t=42.3 s). Eventually, as more LUVs fuse, the
381  GUV returns back to a spherical shape and forms visible membrane buds. The full process is shown

382 in Movie S2.
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383

384 Figure 3. Real-time electrodeformation of GUVs during membrane fusion for assessing area changes.
385 (A) Schematic of the electrodeformation setup. GUVs are placed between two parallel electrodes spaced
386 500 um apart, and exposed to an AC field. Fusogenic LUVs (red) are delivered near the GUVs using a
387 micropipette and reach the GUV membrane by diffusion. The electric field is applied continuously
388  throughout the experiment. Fusion is monitored in real time via lipid mixing (FRET) and content mixing
389 (Atto dye); morphological changes such as budding due to increased spontaneous curvature are also shown.
390 (B) Time-lapse confocal microscopy images from a typical experiment. The AC field was set to 10 V, at
391 500 Hz. Left column: lipid mixing visualized by overlaying direct emissions from the FRET donor (NBD in
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392 the GUV) and acceptor (Rh in the LUVs). Right column: content mixing visualized via Atto dye (grayscale).
393 Scale bar: 10 um. (C) Quantification of GUV fusion and deformation. Plotted are the GUV aspect ratio (a/b),
394 the estimated number of fusing LUVs (nyy) from both lipid (FRET) and content mixing assays, and the
395 effective area increase derived from electrodeformation. (D) Comparison of GUV area increase, @ = AA/A,,
396 estimated independently from FRET, content mixing, and deformation analysis. The GUVs were prepared in
397 200 mM sucrose containing 1 mM NacCl inside and mildly inflated by dilution in a slightly hypotonic 185 mM
398  glucose solution to ensure no excess area prior to fusion.

399

400 Figure 3C displays the evolution of the GUV aspect ratio (a/b) over time for the vesicle
401  shown in Figure 3B, along with the estimated number of fused LUVs (n;yy) derived from lipid
402  mixing (Epggr), content mixing (Cy4st0), and electrodeformation (a/b). The apparent decrease in
403  n.yy based on electrodeformation at £ > 40 s does not reflect actual loss of fusion events, but rather
404  marks the transition point at which membrane tension exceeds the deforming force from the electric
405  field. At this point, the values of n;;, estimated from lipid and content mixing reach ~10°-10¢,

406  while the estimate from electrodeformation remains significantly lower (~10%-10%).

407 To further compare these methods, Figure 3D shows the calculated membrane area increase
408  based on each approach (see SI for calculation details). The relative area increase is expressed as
409 a = AA/A,, where A, represents the initial GUV area prior to the onset of fusion; note that @ = 1
410  corresponds to doubling the GUV area. The FRET-based estimate of a is markedly overestimated,
411  primarily because measurements are taken from the membrane region facing the pipette (where
412  lipid accumulation is most concentrated), leading to artificially inflated values. In contrast, the area
413  increase calculated from content mixing reflects a more accurate and spatially averaged

414  measurement, revealing a doubling of membrane area.

415 However, the area mechanically available for deformation, as determined from maximum
416  electrodeformation, accounts for only ~ 4% increase in this particular GUV. This trend is consistent
417  across multiple GUVs (see Figure S7), where the average area gain estimated from content mixing
418 was 2.3+ 1.1-fold, or 130% (n = 8), while the maximum deformation-derived values for a is
419  2.240.8%, ranged from 1.4 — 4.0%. Obviously, the extent of observable deformation depends on
420  the method employed. Electrodeformation using AC fields operates in a relatively low-tension

421  regime, thus reporting only a small fraction of the total area gained.

422 Interestingly, the area increase measured by electrodeformation exhibits a slower response
423  than that inferred from content mixing (see Figures 3D and S7). This delay is likely due to the

424  initial accumulation of fused membrane material on the side of the GUV facing the pipette; for this
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425  excess area to result in measurable GUV deformation under the applied field, it must first
426  redistribute across the vesicle surface. The degree of delay and deformation also appears to depend
427  on GUV size, as reflected in the variability shown in Figure S7. Once the maximum deformation
428 s reached, much of the additional membrane area becomes stored in highly curved structures,

429  notably membrane buds.
430

431  Fusion creates lipid number asymmetry, induces spontaneous curvature, and builds

432 membrane tension

433 The observed decline in the apparent area gain as measured by electrodeformation at later
434  stages of fusion reflects the dynamic balance between electrically induced membrane tension and
435  fusion-driven remodeling. When an electric field is applied, the GUV adopts a prolate ellipsoidal
436  shape due to increased membrane tension. This electric-field-induced tension can be estimated from
437  the applied field strength and vesicle morphology, specifically, from the mean curvatures at the
438  poles and equator(51).

439 As fusion proceeds, the GUV membrane gains area and initially deforms more. However,
440  the incorporation of large numbers of highly curved LUVs introduces increasing asymmetry
441  between the inner and outer leaflets of the GUV. Due to their small size (R, = 60 nm), LUVs are
442  inherently asymmetric, containing more lipids in their outer leaflet. This asymmetry is transferred
443  to the GUV during fusion and accumulates over time, leading to an increase in spontaneous
444  curvature — the membrane's inherent tendency to curve in the absence of external forces(52). The
445  buildup of spontaneous curvature gives rise to budding and introduces a “spontaneous tension”(52),

446  which resists further deformation and promotes a return to a spherical shape.

447 This spontaneous tension, given by a,,, = 2km? (52), (where k is the bending rigidity and
448  m the spontaneous curvature), can eventually exceed the electric-field-induced tension. For the
449  vesicle in Figure 3B, the electric tension at the point of maximal deformation (~40s) is estimated
450  to be ~ 0.5 mN/m, setting a lower bound for o, at this maximal deformation. The corresponding
451  spontaneous curvature is approximately m = 1/22 nm™. For small spherical buds, the relation m =
452  2/Dpyq (52, 53) gives a characteristic bud diameter of approximately 44 nm, which is well below
453  the diffraction limit, consistent with experimental observations. In principle, using a feedback-

454  controlled increase in the electric field to reopen membrane buds could enable real-time tracking
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455  of changes in spontaneous curvature. However, such an approach is experimentally demanding, as
456  the applied field would need to be carefully tuned to each vesicle’s size and deformation profile
457  and the inhomogenous surface charge might play a role. As we discuss below, time-resolved

458  curvature changes can still be inferred from bud morphology observed in the absence of the field.

459 In the field-free case (Figure 2B), budding is driven solely by the fusion-mediated
460  accumulation of membrane asymmetry. At low fusion levels, these effects are minimal, but with
461  increasing number of fusing LUVs, the GUVs transition to a budded state. In fact, GUVs initially
462  exhibiting inward tubes (indicative of negative spontaneous curvature) can reverse asymmetry,
463  whereby the tubes are suppressed and outward buds form with increasing fusion, confirming the
464  role of LUV fusion in generating positive curvature (Figure S8, Movie S4). In some cases, the
465  presence of tubes appears to buffer the membrane from poration and rupture, suggesting a

466  protective role through area storage.

467 This budding behavior (in the absence of electric field) allows an estimate of m from bud
468  diameter measurements. In the early fusion stages, the asymmetry (i.e. spontaneous curvature) is
469  low and the buds are large (Dy,q = 2/m). With increasing asymmetry, bud size decreases and
470  resolving small buds is challenging due to their dynamics and the limited optical resolution. In rare
471  cases, buds are stable and in focus throughout the fusion process, enabling dynamic measurements.
472  Figure 4A shows such an example, with bud size evolution tracked in Figure 4B,C. Here,
473  spontaneous curvature increases from <1 pm™ to ~7 um™ i.e. ~1/(150 nm). This corresponds to a
474  rise in g,, from near zero to ~0.08 mN/m, consistently lower than the tension assessed from
475  electrodeformation experiments. Although significant, this value remains well below the lysis
476  tension of fluid membranes, which around ~1-5 mN/m (54, 55), but as fusion proceeds, can exceed

477 it consistent with the observed GUV leakage (Figures 4A and S5) and occasional rupture.
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478

479 Figure 4. Fusion-driven buildup of membrane spontaneous curvature and tension. (A) Time-lapse snapshots
480  of arepresentative GUV during fusion with LUVs. The LUVs are injected from above (i.e. the upper part of
481 the image) using a micropipette (not shown). Top row: FRET-based lipid mixing (donor and acceptor
482 excitation/emission). Middle row: Simultaneous monitoring of lipid (green/red) and content (gray) mixing.
483 Bottom row: Phase contrast microscopy showing vesicle morphology. Time stamps indicate seconds from
484  the onset of imaging. Scale bar: 10 um. (B) Quantification of the number of fused LUVs (n;yy,) based on
485 lipid mixing (red) and content mixing (blue), plotted over time. Normalized phase contrast (black) indicates
486 vesicle contrast changes. Annotations reflect key morphological states of the GUV. (C) Temporal evolution
487 of optically resolved bud diameter (black, left axis), along with the corresponding calculated spontaneous
488 curvature m and spontaneous tension g, (red, right axis). The orange shaded region marks the diffraction
489 limit below which buds cannot be resolved optically. (D) Calculated leaflet lipid number asymmetry,
490 (Nyyt/Nin)Luv, as a function of ny . Inset: Zoomed-in region of a GUV membrane densely populated with
491 buds. Scale bar: 2 um.

492

493 GUVs, due to their large size, normally contain nearly equal numbers of lipids in both
494  leaflets. However, small vesicles like LUVs do not exhibit this symmetry. Molecular dynamics
495  simulations have shown that tensionless, highly curved lipid vesicles are intrinsically asymmetric,
496  with more lipids in the outer leaflet(56, 57). This asymmetry alters membrane morphology and
497  tension(58) (also experimentally observed(59) and demonstrated in Figure 4), potentially leading

498  to membrane rupture(57). Since no pores form during early fusion stages, the lipid number
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499  imbalance cannot relax, and asymmetry builds up (along with increased spontaneous curvature,
500 budding, and tension). For the LUVs used here, the leaflet asymmetry is approximately
501  (Nyyu:/Ni)ov =1.2 (ie., ~55% outer leaflet lipids and 45% inner, see Methods for calculation
502  details), while GUV asymmetry (N,y:/Nin)cuy increases from <0.02 to ~0.115 (Figure 4E),
503  sufficient to drive budding and, eventually, even perforating and causing loss of membrane integrity
504  as indeed observed for high LUV concentration. This observation is consistent with simulation
505  studies(57, 60, 61), demonstrating that lipid number density differences between membrane leaflets
506  destabilize the membrane, occasionally leading to transfer of lipids across leaflets, pores and

507  formation of nonbilayer structures.

508 Fusion-induced membrane asymmetry is even more pronounced in the case of hemifusion,
509  particularly with neutral POPC membranes, where lipid transfer is limited to the outer leaflet. For
510 example, a 15 pm-radius GUV undergoing hemifusion with 625 LUVs can reach a transbilayer
511  asymmetry of ~1.17, far exceeding that of fully fused negatively charged GUVs at similar fusion
512  levels. This suggests that at early stages of fusion (low nLUVs), hemifusion events produce greater
513 mechanical stress and curvature effects, enhancing the likelihood of membrane destabilization, as

514  indeed observed with POPC GUVs (data not shown).
515

516  DISCUSSION
517

518  Fusion-driven growth and its mechanical consequences

519 During the cell cycle, membrane area must increase (even duplicate) to support growth and
520  division. One physiological mechanism to achieve this expansion is membrane fusion. However,
521  our study shows that the incorporation of membrane material through fusion of small vesicles does
522  not come without physical consequences. Small vesicles such as LUVs and the intra and
523  extracellular vesicles exhibit an intrinsic lipid number asymmetry, with more lipids residing in the
524  outer than the inner leaflet. When large numbers of such vesicles fuse with a GUV, this asymmetry
525 s transferred to the target membrane, altering its spontaneous curvature and increasing tension.

526  Notably, these are the dimensions of several cellular vesicles.

527 As a result, the GUV undergoes marked morphological changes, including budding,
528  tension buildup, and even poration and rupture (Figures 2-4). These phenomena have remained

529  underappreciated because they only arise after extensive fusion and such high efficiency is typically
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530 not achieved in reconstituted systems. By combining real-time imaging, micromanipulation, and
531 quantitative analysis of fusion intermediates at single-vesicle resolution, we were able to observe
532  these transformations in unprecedented detail. Contrary to other reconstituted systems, the fusion
533  kinetics and efficiencies achieved in our system closely resemble those seen in professional

534  secretory cells, providing a physiologically relevant context for studying membrane remodeling.

535
536  Stages of GUV remodeling during fusion

537 The membrane remodeling of a GUV following vesicle fusion occurs in a series of distinct
538 and sequential stages, as illustrated in Figure 5. The initial GUV membrane is roughly symmetric.
539  As fusion begins, the GUV acquires additional membrane area, resulting in increased thermal
540  fluctuations. At this early stage, leaflet asymmetry remains low. As the number of fused vesicles
541  increases into the tens of thousands, significant transbilayer imbalances develop, and the GUV
542  enters a budding regime where excess membrane area is stored in visible protrusions (Figure 5B).
543  Figure 5C schematically illustrates our simultaneous quantification analysis of lipid and content

544  mixing, as well as membrane structure and permeabilization.

545 Upon continued fusion, involving hundreds of thousands of vesicles, the spontaneous
546  curvature further increases (Figure 5D). This leads to the shrinkage of buds beyond optical
547  resolution and drives up membrane tension to the point of leakage and rupture, allowing the
548  contents to escape. At this stage, the asymmetry between the leaflets (N,,;/N;,)cuy can exceed

549  12%, with a pronounced enrichment of the outer leaflet (Figure SE).
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551 Figure 5. Schematics summary of the observed fusion-induced transformations in GUV morphology and
552 membrane mechanics. (A) Illustration of localized delivery and fusion of LUVs (red), encapsulating a water-
553 soluble content marker (white), to a single GUV (green). Fusion is initiated at the GUV side facing the
554 micropipette, with lipids and content rapidly delivered into the GUV. Lipids incorporated at the fusion site
555 laterally diffuse along the GUV membrane. (B) Sequential GUV morphologies as a function of the total
556 number of fused LUVs, starting from a spherical GUV with a symmetric bilayer (stage 1, see upper sketch
557 in panel E). Progressive fusion leads to membrane area growth and visible fluctuations (stage 2), followed
558 by budding as leaflet imbalances accumulate (stage 3, lower sketch in panel E), and ultimately membrane
559 destabilization perforation when lipid number asymmetry and spontaneous tension becomes critical (stage
560 4). (C) Readout parameters obtained in real time from the fusion assay, including lipid and content mixing,
561 and membrane permeability, which correspond to the transitions illustrated in B. (D) Diagram showing how
562 fusion-induced changes in spontaneous curvature (dashed line) increase membrane tension, which can
563 eventually exceed the externally applied electric field tension, altering GUV shape during electrodeformation
564  experiments. With increasing spontaneous curvature, bud sizes decrease and can no longer be optically
565 resolves (gray zone). (E) Schematic of lipid number asymmetry resulting from fusion, leading to excess of
566 lipids in the outer leaflet (N,,;/Ni)cuy > 1, as a result of lipids transferred from the LUVs (red lipids) to
567 the GUV (green) via fusion.

568
569
570  Cellular strategies to prevent asymmetry-induced instability

571 The progression of GUV remodeling events observed here mirrors physical constraints
572 seen in biological systems. For instance, the fusion of around 200 synaptic vesicles per 1 um? cell
573  membrane at the typical milliseconds rate at the synapse(62), and using 40 nm diameter as the
574  average synaptic vesicle size(63), would lead to a lipid asymmetry ratio (Nyy;/Nin)gyy =1.7 in a
575  few hundreds of milliseconds, which seems an implausible condition. Even more conservative
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576  estimates, involving the fusion of 130 vesicles per synaptic button during a period of 10 minutes
577  (64), with the average button area of 1 pum? (65), can already produce noticeable membrane

578 curvature.

579 Cells have evolved several mechanisms to avoid the pathological consequences of leaflet
580 asymmetry caused by vesicle fusion. First, they regulate the number of fusion events by modulating
581  the abundance of fusion proteins and controlling local membrane properties that influence fusion
582  energetics. Second, they actively remove excess membrane area through fission events, particularly
583  inregions of high curvature. It has recently been shown that area incorporation from as few as 5
584  single vesicles is sufficient to compress and buckle the acceptor membrane, wherein the excess

585 area is almost instantaneously removed by scission(66).

586 Another strategy involves the activation of lipid translocation enzymes that redistribute
587  lipids across the bilayer, reducing asymmetry(67). Additionally, cells often maintain membrane
588  reservoirs in the form of nanotubes or invaginations, which serve as mechanical buffers that can
589  absorb excess area without destabilizing the membrane(68). When membrane rupture does occur,
590  dedicated repair machinery is rapidly recruited to reseal the breach and restore homeostasis(69).
591  We have recently shown that fusion of large numbers of LUVs acutely modifies the mechanical
592  properties and structure of cells, such as inducing changes in membrane packing and
593  perforation(36). However, when the vesicles are removed, physiological membrane turnover

594  returns the cells to their steady-state.

595 The consequences of lipid number asymmetry extend beyond mechanical rupture.
596 Increased spontaneous curvature induces lateral tension, which can activate mechanosensitive ion
597  channels and keep them in the open state under extreme conditions(70), an effect observed across
598  various systems(71). Curved membranes also exhibit altered mechanical properties: they soften,
599  stretch, and become more permeable to ions and small solutes, and they can slow the diffusion of
600  certain membrane proteins(72, 73), a phenomenon attributed to increased membrane tension at high

601  curvatures(74).

602 To mitigate the consequences of fusion-mediated leaflet asymmetries, cells likely employ
603  several strategies. They may restrict the number of fusing vesicles by regulating the abundance of
604  fusion proteins(75), and locally modulating membrane biophysical properties(34) or the energy
605  landscape of fusion intermediates(76). Second, the incorporation of lipids can reduce tension and

606  cause the acceptor membrane to buckle — particularly in confined regions where asymmetries would
23
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607  accumulate more quickly(77, 78), recruiting curvature-sensing proteins and activating fission to
608 remove excess membrane material(66). Third, transbilayer asymmetries can influence the ability
609  of cell-like vesicles to internalize particles(79), an effect that may have profound consequences in
610  bacterial clearance. Fourth, accumulation of leaflet asymmetries is relaxed by activation of lipid
611  flip-flop machinery(56) or by rapid transbilayer movement of molecules capable of flipping
612  between leaflets(80). Cholesterol, abundant in the plasma membrane, exemplifies such a molecule
613  and has been shown to help balance transbilayer asymmetries(81). Fifth, excess membrane area
614  may be stored as internal membrane invaginations or nanotubes, which can buffer changes in

615  curvature and tension(82) preventing disruption.
616
617  Implications for cell biology, therapeutics, and synthetic systems

618 It is important to emphasize that the effects we observe, arising from lipid number
619  imbalances across the membrane, are not exclusive to membrane fusion. Large transbilayer
620 asymmetries that increase spontaneous curvature and membrane tension mimic the action of certain
621  antimicrobial peptides(83) and detergents(84, 85), which asymmetrically bind to the outer leaflet
622  and increase membrane tension. Once this tension surpasses a critical threshold, membrane rupture

623 can occur.

624 Similar physical principles are at play in the endoplasmic reticulum (ER), the site of lipid
625  synthesis in eukaryotic cells. Here, newly synthesized lipids are inserted into the cytosolic leaflet
626  and must be translocated to the luminal leaflet by lipid transport proteins(12). Failure of lipid
627  transport causes leaflet stress, which can lead to budding and eventual loss of organelle
628  function(86). Notably, when membrane area is transferred through hemifusion rather than full
629  fusion, i.e. lipids are added exclusively to one leaflet, the resulting increase in tension is
630  significantly greater. This suggests that hemifusion poses a higher risk of destabilization, and may
631  explain why cells tend to favor docked over hemifused state, explaining why hemifusion is a rather

632  eclusive intermediate in cells(87).

633 In summary, our findings reveal fundamental principles that span cell biology,
634  therapeutics, and synthetic biology. In living cells, the fusion of small, intrinsically asymmetric
635  vesicles is a tightly regulated process, especially in confined regions where asymmetry can rapidly

636  accumulate. In drug delivery, our insights into membrane destabilization mechanisms offer
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637  principles for designing fusogenic liposomes that deliver cargo efficiently while minimizing side
638  effects. Finally, in synthetic biology, we highlight the physical constraints imposed by lipid
639  asymmetry during fusion-driven membrane expansion — a key challenge for artificial cell growth
640  and division. By understanding how natural systems manage these constraints, we pave the way for

641  engineering synthetic cells that grow robustly while maintaining membrane integrity.
642
643  CONCLUSIONS

644 Using a minimal reconstituted system combining live imaging, micromanipulation, and
645 GUVs as synthetic cell compartments, we demonstrated that fusion of small, intrinsically
646  asymmetric vesicles with quasi-symmetric GUVs enables remarkable compartmental growth. At
647  unprecedented rates, reaching several thousand vesicles per second, hundreds of thousands of
648  vesicles can fuse with a single GUV, delivering substantial quantities of both lipid and cargo.
649  However, this dramatic expansion comes with a constraint: the resulting lipid number asymmetries
650  between membrane leaflets limit sustainable growth. The newly incorporated area, initially
651  available for membrane fluctuations and deformation, is rapidly sequestered into highly curved

652  membrane buds as a means of accommodating the imbalance.

653 In more extreme cases, the spontaneous curvature and mechanical tension induced by
654  asymmetric lipid incorporation compromise membrane integrity, leading to pore formation and
655  leakage of entrapped cargo. The destabilizing effects are exacerbated by smaller vesicles, due to
656 their higher intrinsic asymmetry, and by hemifusion events, in which lipids are transferred into only
657  one leaflet of the bilayer. Notably, these phenomena are not exclusive to membrane fusion but
658  reflect general physical principles likely operating in cellular membranes whenever lipids are

659  asymmetrically incorporated across the membranes.

660 Our findings have broad implications for cell biophysics, therapeutic delivery, and
661  synthetic biology. Cells appear to use an arsenal of approaches to actively regulate asymmetries,
662  whether they come from fusion or have a different origin. Understanding these regulatory
663  mechanisms can inspire the development of more efficient, less disruptive fusogenic delivery
664  systems. Moreover, insights into how cells manage membrane asymmetry and tension may reveal

665  strategies to overcome key barriers to sustained growth in synthetic cell systems. Harnessing fusion
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666  while mitigating its mechanical consequences could pave the way toward building artificial cells

667  capable of continuous expansion and complex functionality.
668
669 MATERIALS AND METHODS

670 Materials

671 The phospholipids 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-
672  palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (sodium salt) (POPQG), 1,2-dioleoyl-sn-
673  glycero-3-phosphoethanolamine (DOPE), and 1,2-dioleoyl-3-trimethylammonium-propane
674  (DOTAP), the fluorescent dye 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N- (lissamine
675  rhodamine B sulfonyl) (ammonium salt) (DPPE-Rh); and the headgroup-labeled 1,2-dipalmitoyl-
676  sn-glycero-3-phosphoethanolamine-N-  (7-nitro-2-1,3-benzoxadiazol-4-yl) (ammonium salt)
677 (DPPE-NBD) were purchased from Avanti Polar Lipids (Alabaster, USA). All lipids were
678  dissolved in chloroform and stored at — 20°C until use. The water-soluble fluorescent dye Atto 647
679  (Atto) was purchased from ATTO-TEC (Siegen, Germany). Sucrose, glucose and bovine serum
680  albumin (BSA) were purchased from Sigma Aldrich (St. Louis, USA) and used as received.

681
682  Large and giant vesicle preparation

683 Giant unilamellar vesicles (GUVs) were prepared via electroformation(88) with minor
684  modifications(89). Briefly, ~ 8 uL of a 3 mM lipid solution containing varying fractions of lipids
685  were spread on conductive ITO-coated coverslips and dried under a stream of N,. The glasses were
686  sandwiched using a 1 mm Teflon spacer forming a chamber of ~ 1.8 mL volume. The chamber was
687  connected to a function generator and an AC field of 1-2 V,, and 10 Hz was applied. The sample
688  was hydrated for 1-2 h at room temperature with a 200 mM sucrose solution in the dark. Although
689  the actual lipid concentration in the GUV preparations are not known, we assume that all lipids
690  used in their preparation resulted in GUV formation, thus yielding a solution of 13.3 uM lipids.
691  GUVs used for the electrodeformation experiments were prepared with a sucrose solution
692  containing 1 mM NaCl. When required, the GUVs were diluted ~ 5 fold in a slightly hypotonic
693  glucose solution (180-185 mM) to mildly inflate the vesicles and suppress membrane fluctuations.
694  Note that the actual glucose solution in the GUV outside medium is slightly higher as the GUVs
695  were typically diluted = 5 fold.

696 Fusogenic cationic large unilamellar vesicles (LUVs) were prepared by the extrusion
697  method as previously described(32). In short, a chloroform solution containing DOTAP, DOPE
698 and DPPE-Rh (1:1:0.1 mol ratio) was deposited in a glass vial and the organic solvent was
699  evaporated under a stream of N», forming a film of lipids. Residual traces of solvent were further
700 removed under vacuum for 1-2 h and in the dark. The lipid film was hydrated with a sucrose
701  solution (200 mM) at room temperature at a final lipid concentration of 2.1 mM and vortexed until
702  complete detachment of lipids, forming multilmamellar vesicles (MLVs). In most experiments, the
703  sucrose solution additionally contained 20 uM Atto. The MLVs were extruded with the help of a
704  miniextruder (Avanti Polar Lipid — Alabaster, USA) through 100 nm pore diameter polycarbonate
705  membranes 11 times to form LUVs.
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706
707 LUV and GUYV incubation

708 GUVs and LUVs were mixed in different ways: (i) in Eppendorf tubes (Eppendorf AG,
709  Germany) for a specific time and specific LUV concentration, (ii) by injecting LUVs in the vicinity
710  of individual GUVs using a micropipette, or (iii) by hand pipetting LUVs in a chamber with two
711  electrodes in the presence of an AC Field. If not stated otherwise, incubation was performed on
712 slightly hypotonic media to mildly inflate the GUVs and suppress visible membrane fluctuations.
713  In all cases, free Atto present in the medium was not removed but instead it was highly diluted
714  during LUV-GUYV incubation (at least 10x depending on LUV concentration). In this case, efficient
715  fusion would result in Atto accumulation in the GUV lumen whose signal is significantly higher
716  than that in the outer medium.

717 In the first method, increasing concentrations of LUV (from 0 to 25 uM lipids) were added
718  to a solution containing 30 uL. GUVs and 70 uL glucose 180-185 mM. The added GUV volume
719  (and hence concentration) was kept constant so that the only variable is the LUV concentration.
720  The sample was gently and manually stirred and incubated for 10-15 minutes and then placed in a
721  microscope chamber for observation.

722 In the second method, we prepared micropipettes made from glass capillaries (World
723  Precision Instruments Inc.) that were pulled using a pipette puller (Sutter Instruments, Novato,
724  USA) and tip-forged using a microforge (Narishige, Tokyo, Japan) to obtain tips with an inner
725  diameter around 5 um. A 420 uM LUV solution (lipid concentration) was loaded in the
726  micropipette and connected to a water reservoir that controls the pressure in the micropipette, and
727  thus the injection flow. LUVs were slowly microinjected a few tens of um away from individual
728  GUVs and observations were carried out in real time.

729 In the third method, the GUV solutions (10-50 puL) were diluted in 850 pL glucose 180-
730 185 mM and loaded in an electrofusion chamber (Eppendorf AG, Germany) with parallel
731  cylindrical electrodes (92 pm radius) spaced at 500 pm and connected to a function generator. A
732 weak AC field of 10 V,, nominal voltage and 500 Hz frequency was applied. Afterwards, a small
733 volume (2-10 uL) solution of 0.5-2 mM LUVs was manually injected in the chamber as similar
734 reported for other substances(90). The LUVs reached the GUVs via diffusion.

735 Prior to all experiments, the chambers were passivated for at least 10 minutes with a 1
736  wt/volume% BSA and the excess of unbound BSA was removed with excess of glucose. For the
737  microinjection experiments, the micropipette was also passivated with a 1% BSA solution for at
738  least 10 minutes. Very large GUVs (> 60 um diameter) were not included in the area increase
739  analysis as the fluorescence intensity outside the fusion site did not equilibrate within experimental
740  timescales (~ 2 minutes).

741
742  Microscopy imaging and analysis

743 The samples were imaged by fluorescence microscopy using a Leica TCS SP5 or a TCS
744  SP8 confocal microscope (Wetzlar, Germany) using 40X (0.75 NA) air or 63X (1.2 NA) water
745  immersion objectives. DPPE-NBD was excited with an argon laser at 488 nm, and DPPE-Rh and
746  Atto were excited with a diode-pumped solid-state laser at 561 nm and 633 nm respectively, and
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747  their emission was detected between 495-555 nm, 565-630 and 640-775 nm, respectively. For
748  continuous real-time recordings, the samples were sequentially imaged with 512x512 pixels, 1 Airy
749  unit, bidirectionally with 3 line averages. The fluorescence of all dyes was detected upon direct
750  excitation and emission. For FRET imaging, DPPE-NBD was excited and emission in the DPPE-
751  Rh channel was detected. These settings were the same for the bulk, micropipette and
752  electrodeformation experiments.

753 We analyzed the samples by measuring GUV membrane fluorescence in the DPPE-NBD
754  (direct excitation and emission) and FRET channel (direct DPPE-NBD excitation and DPPE-Rh
755  emission). Using LAS X software, a straight line was manually drawn across each GUV and
756  fluorescence intensity along this line was recorded (Figure S1). The maximum fluorescence
757  intensity in each channel was extracted. For the bulk incubation (method 1), the fusion signal in the
758  GUV membrane was homogeneous and a line crossing the vesicles on two sides gave rise to two
759  signals, which were averaged and used for the analysis. For methods ii and iii, because the LUVs
760  arrive at the one side of GUVs, the analysis was performed only on the membrane side facing the
761  LUVs as in the example in Figure S3. We used the same software to measure the GUV dimensions,
762 Dboth in the absence and presence of an electric field (which induced GUV deformation). All data
763  were processes and analyzed using OriginPro 16 (OriginLab, Northampton, USA).

764

765

766  Acknowledgments

767  The authors acknowledge the MaxSynBio consortium, which is jointly funded by the Federal
768  Ministry of Education and Research of Germany and the Max Planck Society, the E.U. COST
769  action CA22153 ‘European Curvature and Biology Network’ (EuroCurvoBioNet), as well as
770  Fundagdo de Amparo a Pesquisa do Estado de Sao Paulo (FAPESP), grant number 2016/13368-4.
771

772

773 Additional information and results are provided in the Supporting information

774

775

28


https://doi.org/10.1101/2025.09.22.677743
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.22.677743; this version posted September 23, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

776 References

777

778

779 1. Cronan JE (2003) Bacterial membrane lipids: Where do we stand? Annu Rev Microbiol
780 57:203-224.

781 2. Huijbregts RPH, de Kroon AIPM, de Kruij B (2000) Topology and transport of membrane
782 lipids in bacteria Biochim. Biophys. Acta - Biomembr. 1469:43-61.

783 3. Dennis E. Vance, Patrick C. Choy, S. Blake Farren, Princeton H. Lim & Wolfgang Johann
784 Schneider Asymmetry of phospholipid biosynthesis (1977). Nature 270, 268—-269

785 4. Bell RM, Ballas LM, Coleman RA (1981) Lipid topogenesis. J. Lipid Res. 22(3):391-403.
786 5. Novick P, Schekman R (1979) Secretion and cell-surface growth are blocked in a
787 temperature-sensitive mutant of Saccharomyces cerevisiae. Proc Natl Acad Sci USA
788 76 (4) 1858-1862.

789 6. Ivanov I, et al. (2019) Directed growth of biomimetic microcompartments. Adv Biosyst
790 1800314:1-9.

791 7. Mattei B, Franca ADC, Riske KA (2015) Solubilization of binary lipid mixtures by the
792 detergent Triton X-100: The role of cholesterol. Langmuir 31:378-386.

793 8. Zhu TF, Szostak JW (2009) Coupled growth and division of model protocell membranes.
794 J Am Chem Soc 131:5705-5713.

795 9. Chen IA, Szostak JW (2004) A kinetic study of the growth of fatty acid vesicles. Biophys
796 J 87:988-998.

797 10. Burgess K, et al. Experimental models of primitive cellular compartments: Encapsulation,
798 growth, and division. Science 302(5645):618-622.

799 11. Blom T, Somerharju P, lkonen E (2011) Synthesis and biosynthetic trafficking of
800 membrane lipids. Cold Spring Harb Perspect Biol 3:a004713.

801 12. Jacquemyn J, Cascalho A, Goodchild RE (2017) The ins and outs of endoplasmic
802 reticulum-controlled lipid biosynthesis. EMBO Rep 18:1905-1921.

803 13. Lohse B, Bolinger PY, Stamou D (2008) Encapsulation efficiency measured on single
804 small unilamellar vesicles. J Am Chem Soc 130:14372—-14373.

805 14. Nourian Z, Roelofsen W, Danelon C (2012) Triggered gene expression in fed-vesicle
806 microreactors with a multifunctional membrane. Angew Chem Int Ed Engl 51:3114-3118.
807 15. Bhattacharya A, Brea RJ, Niederholtmeyer H, Devaraj NK (2019) A minimal biochemical
808 route towards de novo formation of synthetic phospholipid membranes. Nat Commun
809 10:300.

810 16. Eto S, et al. (2022) Phospholipid synthesis inside phospholipid membrane vesicles.
811 Commun Biol 5:313.

812 17. Blanken D, Foschepoth D, Serrdo AC, Danelon C (2020) Genetically controlled membrane
813 synthesis in liposomes. Nat Commun 11:4317.

814 18. Bonifacino JS, Glick BS (2004) The mechanisms of vesicle budding and fusion. Cell
815 116(2):153:166.

816 19. Rothman JE (2002) The machinery and principles of vesicle transport in the cell. Nat Med
817 8:1059-1062.

818 20. Gauthier NC, Fardin MA, Roca-Cusachs P, Sheetz MP (2011) Temporary increase in
819 plasma membrane tension coordinates the activation of exocytosis and contraction during
820 cell spreading. Proc Natl Acad Sci USA 108:14467—14472.

821 21. Kozlov MM, Chernomordik LV (2015) Membrane tension and membrane fusion. Curr
822 Opin Struct Biol 33:61-67.

823 22. Wu LG, Chan CY (2024) Membrane transformations of fusion and budding. Nat Commun
824 15:1234.

29


https://doi.org/10.1101/2025.09.22.677743
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.22.677743; this version posted September 23, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

825 23. Deshpande S, Wunnava S, Hueting D, Dekker C (2019) Membrane tension—mediated
826 growth of liposomes. Small 15:1902898.

827 24, Marusi¢ N, et al. (2022) Fusion-induced growth of biomimetic polymersomes: Behavior
828 of PDMS—-PEO vesicles in saline solutions under high agitation. Macromol Rapid Commun
829 43:2200342.

830 25. Haluska CK, et al. (2006) Time scales of membrane fusion revealed by direct imaging of
831 vesicle fusion with high temporal resolution. Proc Natl Acad Sci USA 103 (43):15841-
832 15846.

833 26. Witkowska A, Heinz LP, Grubmiiller H, Jahn R (2021) Tight docking of membranes before
834 fusion represents a metastable state with unique properties. Nat Commun 12:7159.

835 27. Chlanda P, et al. (2016) The hemifusion structure induced by influenza virus
836 haemagglutinin is determined by physical properties of the target membranes. Nat
837 Microbiol 1:16050.

838 28. Haldar S, Mekhedov E, McCormick CD, Blank PS, Zimmerberg J (2019) Lipid-
839 dependence of target membrane stability during influenza viral fusion. J Cell Sci
840 132:jcs218321.

841 29. Starai VJ, Jun Y, Wickner W (2007) Excess vacuolar SNAREs drive lysis and Rab bypass
842 fusion. Proc Natl Acad Sci USA 104 (34):13551-13558.

843 30. Stroupe C, Hickey CM, Mima J, Burfeind AS, Wickner W (2009) Minimal membrane
844 docking requirements revealed by reconstitution of Rab GTPase-dependent membrane
845 fusion from purified components. Proc Natl Acad Sci USA 106 (42):17626-17633.

846 31. Nickel W, et al. (1999) Content mixing and membrane integrity during membrane fusion
847 driven by pairing of isolated v-SNAREs and t-SNAREs. Proc Natl Acad Sci USA 96
848 (22):12571-12576.

849 32. Lira RB, et al. (2013) Studies on intracellular delivery of carboxyl-coated CdTe quantum
850 dots mediated by fusogenic liposomes. J Mater Chem B 1:4297-4305.

851 33. Lira RB, Robinson T, Dimova R, Riske KA (2019) Highly efficient protein-free membrane
852 fusion: A giant vesicle study. Biophys J 116:79-91.

853 34. Lira RB, et al. (2023) The underlying mechanical properties of membranes tune their
854 ability to fuse. J Biol Chem 299:104666.

855 35. Witkowska A, Jablonski L, Jahn R (2018) A convenient protocol for generating giant
856 unilamellar vesicles containing SNARE proteins using electroformation. Sci Rep 8:9422.
857 36. Hammond J, et al. (2025) Membrane fusion-based drug delivery liposomes transiently
858 modify the material properties of synthetic and biological membranes. Small €202408039.
859 37. Lira RB, et al. (2024) Fluorescence lifetime imaging microscopy of flexible and rigid dyes
860 probes the biophysical properties of synthetic and biological membranes. Biophys J
861 123:1592-1609.

862 38. Cavalcanti RRM, Lira RB, Riske KA (2022) Membrane fusion biophysical analysis of
863 fusogenic liposomes. Langmuir 38:10430-10441.

864 39. Lira RB, Willersinn J, Schmidt B VKJ, Dimova R (2020) Selective partitioning of
865 (biomacro)molecules in the crowded environment of double-hydrophilic block
866 copolymers. Macromolecules 53:10179—-10188.

867 40. Trier S, Henriksen JR, Andresen TL (2011) Membrane fusion of pH-sensitive liposomes:
868 A quantitative study using giant unilamellar vesicles. Soft Matter 7:9027-9034.

869 41. Yang Y, et al. (2015) Dynamic light scattering analysis of SNARE-driven membrane
870 fusion and the effects of SNARE-binding flavonoids. Biochem Biophys Res Commun
871 465:864—870.

872 42. Hernandez JM, et al. (2012) Membrane fusion intermediates via directional and full
873 assembly of the SNARE complex. Science 336:1581-1584.

30


https://doi.org/10.1101/2025.09.22.677743
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.22.677743; this version posted September 23, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

874 43. Calder LJ, Rosenthal PB (2016) Cryomicroscopy provides structural snapshots of
875 influenza virus membrane fusion. Nat Struct Mol Biol 23:853—-858.

876 44. Stengel G, Zahn R, H66k F (2007) DNA-induced programmable fusion of phospholipid
877 vesicles. J Am Chem Soc 129:9584-9585.

878 45. Aranda S, Riske KA, Lipowsky R, Dimova R (2008) Morphological transitions of vesicles
879 induced by alternating electric fields. Biophys J 95: L19-L21.

880 46. Aleksanyan M, et al. (2023) Assessing membrane material properties from the response of
881 giant unilamellar vesicles to electric fields. Adv Phys X 8(1): 2125342.

882 47. Piontek MC, Lira RB, Roos WH (2021) Active probing of the mechanical properties of
883 biological and synthetic vesicles. Biochim Biophys Acta Gen Subj 1865:129819.

884 48. Georgiev VN, et al. (2018) Area increase and budding in giant vesicles triggered by light:
885 Behind the scene. Adv Sci 5:1800432.

886 49. Riske KA, et al. (2009) Giant vesicles under oxidative stress induced by a membrane-
887 anchored photosensitizer. Biophys J 97:1362—1370.

888 50. Aleksanyan M, et al. (2023) Photomanipulation of minimal synthetic cells: Area increase,
889 softening, and interleaflet coupling of membrane models doped with azobenzene-lipid
890 photoswitches. Adv Sci 10:2207271.

891 51. Fricke N, Dimova R (2016) GM1 softens POPC membranes and induces the formation of
892 micron-sized domains. Biophys J 111:1935-1945.

893 52. Lipowsky R (2012) Spontaneous tubulation of membranes and vesicles reveals membrane
894 tension generated by spontaneous curvature. Faraday Discuss 161:305-331.

895 53. Bassereau P, et al. (2018) The 2018 biomembrane curvature and remodeling roadmap. J
896 Phys D Appl Phys 51 343001.

897 54. Olbrich K, Rawicz W, Needham D, Evans E (2000) Water permeability and mechanical
898 strength of polyunsaturated lipid bilayers. Biophys J 79:321-327.

899 55. Portet T, Dimova R (2010) A new method for measuring edge tensions and stability of
900 lipid bilayers: Effect of membrane composition. Biophys J 99:3264-3273.

901 56. Miettinen MS, Lipowsky R (2019) Bilayer membranes with frequent flip-flops have
902 tensionless leaflets. Nano Lett 19:5011-5016.

903 57. Sreekumari A, Lipowsky R (2022) Large stress asymmetries of lipid bilayers and
904 nanovesicles generate lipid flip-flops and bilayer instabilities. Soft Matter 18:6066—6078.
905 58. Ghosh R, Satarifard V, Grafmiiller A, Lipowsky R (2019) Spherical nanovesicles
906 transform into a multitude of nonspherical shapes. Nano Lett 19:7703-7711.

907 59. Farge E, Devaux PF (1992) Shape changes of giant liposomes induced by an asymmetric
908 transmembrane distribution of phospholipids. Biophys J 61:347-357.

909 60. Hossein A, Deserno M (2020) Spontaneous curvature, differential stress, and bending
910 modulus of asymmetric lipid membranes. Biophys J 118:624—642.

911 61. Doktorova M, Weinstein H (2018) Accurate in silico modeling of asymmetric bilayers
912 based on biophysical principles. Biophys J 115:1638—-1643.

913 62. Rizo J, Rosenmund C (2008) Synaptic vesicle fusion. Nat Struct Mol Biol 15:665—674.
914 63. Qu L, Akbergenova Y, Hu Y, Schikorski T (2009) Synapse-to-synapse variation in mean
915 synaptic vesicle size and its relationship with synaptic morphology and function. J Comp
916 Neurol 514:343-352.

917 64. Ikeda K, Bekkers JM (2009) Counting the number of releasable synaptic vesicles in a
918 presynaptic terminal. Proc Natl Acad Sci USA 106 (8):2945-2950.

919 65. Harris KM, Weinberg RJ (2012) Ultrastructure of synapses in the mammalian brain. Cold
920 Spring Harb Perspect Biol 4(5):a005587.

921 66. Ogunmowo TH, et al. (2023) Membrane compression by synaptic vesicle exocytosis
922 triggers ultrafast endocytosis. Nat Commun 14:6277.

31


https://doi.org/10.1101/2025.09.22.677743
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.22.677743; this version posted September 23, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

923 67. Shiomi A, et al. (2021) Extreme deformability of insect cell membranes is governed by
924 phospholipid scrambling. Cell Rep 35:109102.

925 68. Lam J, Herant M, Dembo M, Heinrich V (2009) Baseline mechanical characterization of
926 J774 macrophages. Biophys J 96:248-254.

927 69. Andrews NW, Corrotte M (2018) Plasma membrane repair. Curr Biol 28:R392—R397.
928 70. Perozo E, Kloda A, Cortes DM, Martinac B (2002) Physical principles underlying the
929 transduction of bilayer deformation forces during mechanosensitive channel gating. Nat
930 Struct Biol 9:696—703.

931 71. Tonnesen A, Christensen SM, Tkach V, Stamou D (2014) Geometrical membrane
932 curvature as an allosteric regulator of membrane protein structure and function. Biophys J
933 106:201-209.

934 72. Domanov YA, et al. (2011) Mobility in geometrically confined membranes. Proc Natl
935 Acad Sci USA 108:12605-12610.

936 73. Yesylevskyy SO, Rivel T, Ramseyer C (2017) The influence of curvature on the properties
937 of the plasma membrane: Insights from atomistic molecular dynamics simulations. Sci Rep
938 7:16078.

939 74. Kumar J, Chng CP, Huang C (2024) Curvature-enhanced membrane asymmetry slows
940 down protein diffusion. Extreme Mech Lett 66:102018.

941 75. Hernandez JM, Kreutzberger AJB, Kiessling V, Tamm LK, Jahn R (2014) Variable
942 cooperativity in SNARE-mediated membrane fusion. Proc Natl Acad Sci USA 111:12037—
943 12042.

944 76. Klein S, et al. (2023) IFITM3 blocks influenza virus entry by sorting lipids and stabilizing
945 hemifusion. Cell Host Microbe 31:616—633.e20.

946 77. Shi Z, Baumgart T (2015) Membrane tension and peripheral protein density mediate
947 membrane shape transitions. Nat Commun 6:5974.

948 78. Shi Z, Graber ZT, Baumgart T, Stone HA, Cohen AE (2018) Cell membranes resist flow.
949 Cell 175:1769-1779.e13.

950 79. Ghosh R, Satarifard V, Lipowsky R (2023) Different pathways for engulfment and
951 endocytosis of liquid droplets by nanovesicles. Nat Commun 14:597.

952 80. Lira RB, Dekker C (2025) Lipid flip-flop regulates the shape of growing and dividing
953 synthetic cells. bioRxiv 10.1101/2025.04.23.650179.

954 81. Doktorova M, et al. (2025) Cell membranes sustain phospholipid imbalance via cholesterol
955 asymmetry. Cell 188:2586-2602.¢24.

956 82. Bhatia T, Agudo-Canalejo J, Dimova R, Lipowsky R (2018) Membrane nanotubes increase
957 the robustness of giant vesicles. ACS Nano 12:4478-4485.

958 83. Ahmed M, Islam MZ, Billah MM, Yamazaki M (2024) Effect of
959 phosphatidylethanolamine on pore formation induced by the antimicrobial peptide PGLa.
960 J Phys Chem B 128:2684-2696.

961 84. Carita AC, Cavalcanti RRM, Oliveira MSS, Riske KA (2023) Solubilization of biomimetic
962 lipid mixtures by some commonly used non-ionic detergents. Chem Phys Lipids
963 255:105463.

964 85. Sudbrack TP, Archilha NL, Itri R, Riske KA (2011) Observing the solubilization of lipid
965 bilayers by detergents with optical microscopy of GUVs. J Phys Chem B 115:269-277.
966 86. Holthuis JCM, Levine TP (2005) Lipid traffic: Floppy drives and a superhighway. Nat Rev
967 Mol Cell Biol 6:209-220.

968 87. Wong JL, Koppel DE, Cowan AE, Wessel GM (2007) Membrane hemifusion is a stable
969 intermediate of exocytosis. Dev Cell 12:653-659.

970 88. Angelova MI, Dimitrov DS (1986) Liposome electroformation. Far. Discuss. Chem. Soc.
971 81, 1986.

32


https://doi.org/10.1101/2025.09.22.677743
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.22.677743; this version posted September 23, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

972 89. Lira RB, Dimova R, Riske KA (2014) Giant unilamellar vesicles formed by hybrid films
973 of agarose and lipids display altered mechanical properties. Biophys J 107:1609—-1619.
974 90. Mattei B, Lira RB, Perez KR, Riske KA (2017) Membrane permeabilization induced by
975 Triton X-100: The role of membrane phase state and edge tension. Chem Phys Lipids
976 202:28-37

33


https://doi.org/10.1101/2025.09.22.677743
http://creativecommons.org/licenses/by-nc-nd/4.0/

