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ABSTRACT 

Liquid cell transmission electron microscopy (TEM) enables the direct observation of 

dynamic physical and chemical processes in liquids at the nanoscale. Quantitative 

investigations into reactions with fast kinetics and/or multiple reagents will benefit from 

further advances in liquid cell design that facilitate rapid in situ mixing and precise control 

over reagent volumes and concentrations. This work reports the development of inorganic-

organic nanocapsules for high-resolution TEM imaging of nanoscale reactions in liquids with 

well-defined zeptoliter volumes. These hybrid nanocapsules, with 48 nm average diameter, 

consist of a thin layer of gold coating a lipid vesicle. As a model reaction, the nucleation, 

growth, and diffusion of nanobubbles generated by the radiolysis of water is investigated 

inside the nanocapsules. When the nanobubbles are sufficiently small (10-25 nm diameter), 

they are mobile in the nanocapsules, but their movement deviates from Brownian motion, 

which may result from geometric confinement by the nanocapsules. Gases and fluids can be 

transported between two nanocapsules when they fuse, demonstrating in situ mixing without 

using complex microfluidic schemes. The ability to synthesize nanocapsules with controlled 

sizes and to monitor dynamics simultaneously inside multiple nanocapsules provides 

opportunities to investigate nanoscale processes such as single nanoparticle synthesis in 

confined volumes and biological processes such as biomineralization and membrane 

dynamics. 
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MAIN TEXT 

Liquid cell transmission electron microscopy (TEM)1,2 enables the in situ observation of 

dynamic nanoscale processes in their native liquid environments. Liquid cell TEM has been 

used to observe colloidal synthesis3,4 and etching of nanoparticles,5,6 electrochemical 

deposition,7,8 biomineralization,9–11 and cellular dynamics,12,13 with high spatial and temporal 

resolution unmatched by optical and X-ray microscopy. Most in situ liquid phase TEM studies 

have been achieved through the development of liquid cells that sandwich a thin layer of 

reaction solution (10-500 nm thick) between two electron-transparent membranes,1,2 typically 

silicon nitride,14 graphene,15–17 or carbon films.18,19 Other approaches to confine liquids 

include using graphene scrolls20 or random encapsulation of reaction solutions in capped 

carbon nanotubes.21,22 With these advances in liquid cells, it is now possible to reveal reaction 

dynamics in liquids with atomic resolution. Quantitative studies in this realm, however, will 

increasingly require liquid cells with precise control over reaction parameters such as reaction 

volumes, reagent concentrations, and mixing times. While advanced nanofabricated 

devices23,24 can produce liquid volumes with well-defined dimensions (e.g., by eliminating 

silicon nitride membrane bulging under vacuum),14,25 sample concentrations still can vary 

unpredictably over time due to solvent evaporation during sample loading or imaging3 and due 

to the difficulty of mixing reagents9 on demand in nanometer-sized liquid cells. 

To overcome the challenge of manipulating chemicals in confined environments, cells 

and organisms transport biomaterial inside lipid vesicles,26,27 whose self-assembled lipid 

bilayers encapsulate an aqueous core.   Likewise, synthetic lipid vesicles, called liposomes,28 

offer a facile method for confining zeptoliter  (1 zL = 10-21 L) volumes of reagent solutions 

with known concentration. These liposomes are routinely used to encapsulate, deliver, and 

release drugs29 and have been employed as nanoreactors to confine chemical reactions.30–33 

Established procedures such as extrusion28 can produce monodisperse size distributions of 
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liposomes as small as 30 nm in diameter.34 Liposomes can be loaded with reagents simply by 

assembling the vesicles in the desired reagent solutions.28 Liposomes containing 

complementary reagents can be ruptured35,36 or merged on demand30,37,38 to rapidly initiate 

multi-component reactions. For example, the synthesis of CdS nanoparticles has been initiated 

by fusing microscale liposomes, with simultaneous imaging using in situ optical 

microscopy.30 In a similar manner, sub-1 µm liposomes could be used as electron-transparent 

vessels for controlling and imaging nanoscale reactions in TEM liquid cells. Towards the 

latter objective, empty liposomes 50 to 300 nm in diameter,39–41 along with other soft colloids 

like polymeric micelles42,43 and vesicles,44  have been imaged with liquid cell TEM. Due to 

potential electron beam damage, however, it remains a challenge to utilize these soft colloids 

as nanoreactors for hosting reactions for high resolution in situ TEM imaging. 

In this work, we prepare liposome-based nanocapsules for in situ TEM imaging of 

reaction dynamics in zeptoliter solutions with high spatial and temporal resolution. Our initial 

experiments utilized conventional liposomes synthesized via the facile and well-established 

dry lipid film dispersion method,28 using POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine) lipids with 20 mol% cholesterol added to increase bilayer membrane 

cohesion and mechanical stiffness.45 Uniform liposomes with average diameters of 35-60 nm 

were generated, as confirmed with dynamic light scattering (Figure S1), by extruding the 

rehydrated lipids repeatedly through polycarbonate membranes with 50 nm pores. We 

targeted liposomes of this size because they are sufficiently large to encapsulate colloidal 

reactions while being sufficiently small to limit liposome deformation on substrates.46,47 For 

in situ liquid phase TEM imaging, aqueous suspensions of the liposomes were sandwiched 

between two graphene15 or amorphous carbon films18,19 (Figure 1ab), producing pockets of 

the liquid solution in the liquid cell (Figure S4). Additional details on sample and liquid cell 

preparation are provided in the Electronic Supplementary Information (ESI). 
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Figure 1c shows POPC/cholesterol liposomes suspended in water inside a graphene liquid 

cell (see also Figure S2).  The thickness of the liposome walls was measured to be ca. 3 nm, 

which is consistent with the expected 2.99 nm thickness of a POPC bilayer with cholesterol.48 

The observed liposomes were sparse, which could be due to the hydrophobic graphene 

surfaces disrupting the lipid bilayers,49 especially when compressed by the strong van der 

Waals forces that seal the graphene cells. The liposomes were also sensitive to electron beam 

exposure, denaturing under a moderate electron dose rate around 250 e- Å-2 s-1 (Figure S3). 

This is consistent with other reports that observed soft materials only under low-dose 

conditions, with typical dose rates below 10 e- Å-2 s-1.12,40,42–44,50 Under such low-doses, it is 

difficult to achieve sufficient image contrast to resolve reaction dynamics inside the liposomes 

with high spatial and temporal resolution.51 

We increased the number of observable liposomes by constructing cells from carbon 

membranes18,19 (Figure 1a), hypothesizing that they could offer more favorable substrates for 

liposomes compared to graphene liquid cells while retaining the electron transparency of 

graphene.  We also reasoned that coating the liposome bilayers with a thin layer of gold 

(Figure 1b) would produce hybrid organic/inorganic nanocapsules that could withstand 

moderate to high dose rates. To test this hypothesis, we produced hybrid Au-coated POPC 

liposomes52–54 by hydrating dry lipid films in aqueous solutions of chloroauric acid (0.1-0.5 

mg/ml HAuCl4) and then extruding the resulting suspension. We imaged the resulting Au-

liposome hybrids, shown in Figure 1d, in liquid cells fabricated from amorphous carbon 

membranes18 (cell assembly described in Figure S4) and using an aberration-corrected 

Thermo Scientific Themis TEM operating at 300 kV with electron beam dose rates ranging 

from 100 to 2000 e- Å-2 s-1. The walls of the nanocapsules are clearly visible despite the 

background of the carbon membranes and surrounding liquid (Figure 1d). We observed 

extensive arrays of these “nanocapsules,” 35-60 nm in diameter, in a single field of view 

(Figure S7). Most of the nanocapsules encapsulated in the graphene and carbon liquid cells 
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are circular (Figure S7 and Figure S8ab) with size comparable to the DLS ex situ 

measurements and with wall thickness in range of 3-4 nm (Figure S8c). The Fast Fourier 

Transform (FFT) of the TEM image of the liposomes shown in Figure 1d displays reflections 

consistent with the 2.04 Å spacing of Au (200) lattice planes (Figure 1e). The Fourier-filtered 

image (Figure 1f), produced by inverting the masked FFT around these reflections, shows that 

Au(0) covers the entire area of both liposomes. This analysis suggests that Au3+ ions are 

reduced on the lipid bilayers,40,55 resulting in a thin uniform Au(0) coating on each liposome. 

In addition to these coatings, some TEM images (Figure 2a, Supplementary Movie 1) 

occasionally show dark spots, 3 to 7 nm in diameter, suggesting that gold nanoparticles can 

also nucleate under the electron beam inside or near the nanocapsules.55

Figure 2a and Supplementary Movie 1 show the dynamics inside eight nanocapsules over the 

course of 953 s, or over 15 minutes. The nanocapsules do not move, suggesting they are in 

contact with one or both carbon membranes of the liquid cell. The fixed positioning of the 

nanocapsules allows the interior dynamic processes to be imaged over an extended period of 

time. The Au-coated liposomes remained intact for over 15 minutes under electron beam dose 

rates of 190-730 e- Å-2 s-1 (Figure 3ab). No visible degradation of the nanocapsule walls was 

observed, in contrast to the observed damage to uncoated liposomes under comparable 

electron beam dose. We note that previous studies reported imaging of Au-nanoparticle-

stained liposomes at a maximum dose rate of 6 e- Å-2 s-1.40 We postulate that the conformal Au 

coating on the lipid bilayer (Figure 1f) forms a Au cast of the soft liposome template, which 

helps the nanocapsule retain its geometry and cargo despite radiolysis and knock-on damage 

to the underlying lipid bilayer under high electron dose rates. This 2-4 nm Au coating is thin 

enough to limit the generation of secondary electrons such that the theoretically predicted 

enhancement of reactive radiolysis products near the Au-water interface56 may be relatively 

minor. The conductive carbon membrane windows of the liquid cell can also reduce beam 
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damage57,58 to the liposomes by reducing electrostatic charging effects, minimizing secondary 

electron yield,56 and actively scavenging radicals formed by radiolysis of water.59,60 Further 

studies on the stability of nanocapsules may shed light on the interaction between the Au 

coating and the lipid bilayer and their response to high electron beam (e-beam) dose rates.

During imaging, gas bubbles evolved, expanded, and diffused within the 35-60 nm 

nanocapsules (Figure 2 and Supplementary Movie 1).  The evolution and movement of 

nanoscale bubbles in each nanocapsule confirms the presence of liquid inside the 

nanocapsules. The observation of moving nanobubbles in the Au-coated liposomes highlights 

the ability of the nanocapsules to facilitate observation of the dynamics of encapsulated 

reactions. In this case, the reaction is the radiolysis of water into radical and other molecular 

species, as described below:61,62 

H2O → eh-, H•, OH•, OH-, H2, HO2
•, H2O2, H3O+

It has been postulated that the bubbles generated during in situ TEM of aqueous 

solutions primarily contain H2;55 O2 may also be present, although it has higher solubility in 

water than H2 and takes longer to form compared to primary byproducts of radiolysis. 

Generally, bubbles are not desired during in situ experiments and their formation inside 

nanocapsules can be avoided by imaging at low dose rates.39–41 However, here we opted to 

study the evolution of nanobubbles as a model reaction, because there are a number of 

advantages this system can offer.  For instance, the high contrast of the nanobubbles facilitates 

automated tracking (Figure S5), their size indicates the extent of radiolysis reactions, and their 

expansion allows us to test the mechanical stability of the nanocapsules. Furthermore, 

nanobubbles are commonly found in nature, industrial processes, and in therapeutic and 

diagnostic applications.63 Therefore, the direct imaging of nanobubbles in liposomes could 
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reveal application-relevant behavior such as the nucleation64 and stability of nanobubbles near 

interfaces and within confined spaces.65 

In addition to formation of bubbles, the reactive by-products of water radiolysis62 can 

attack organic functional groups in liposomes.41 For instance, hydroxyl radicals (OH•) cause 

hydrogen abstraction, oxidative degradation and formation of radical anions on lipids that can 

facilitate complexation with free metal cations in the solution.41 Hence, lipids could sequester 

ions meant for chemical reactions and could subsequently serve as nucleation sites.  Such 

beam effects can be mitigated by careful management of dose rates and beam exposure – only 

using higher doses when minimizing noise is critical.  The exposure times become relevant as 

most processes like mixing66 and nanoparticle synthesis30 take only a few seconds to complete 

in confined environment of liposomes. Other strategies to minimize beam damage61 include 

tuning the solution chemistry, for example, by establishing specific pH levels to lower the 

steady state concentration of reactive species like hydrated electrons and hydroxyl radicals62 

or by introducing radical scavengers59,67 into the reaction volume.

For a given electron dose rate, we found that the diameters of nanobubbles in 

liposomes grow monotonically (Figure 3a). Assuming a spherical bubble morphology, we 

calculate the internal pressure P and volume V of each nanobubble and investigate their 

dependence on the e-beam dose (Figure 3ab; see more details in Section 6 of the ESI). We 

used the ideal gas law (PV = nRT) to estimate the moles of gas molecules n generated at 

different dose rates (for H2 at temperatures and pressures used in this work, deviations from 

ideal behavior are <10%,68 comparable to the uncertainty in V). We assumed a temperature T 

of 296.15 K and estimated P using the Young-Laplace equation, ΔP=2γ/r, where r is the 

bubble radius (P vs time t shown in Figure S9). For the surface tensionγ, we used the 

reported value for a monolayer of lipids (~30 mN m-1) at an air-hydrocarbon interface69,70 as 

we expect lipids in the nanocapsule to coat the nanobubble. As the dose rate was increased 
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stepwise from 190 to 570 and 730 e- Å-2 s-1, we observed an approximately linear increase in 

volumetric growth rates of 4, 16 and 24 nm3 s-1, respectively (Figure 3a, Figure S11b). The 

linear fit to a plot of nanobubble growth rates vs dose rate (Figure S11b) indicates an average 

volumetric growth rate of 25 Å3 s-1 per e- Å-2 s-1, which suggests that the gas generation in the 

reaction can be controlled at sub-zeptoliter volumes by tuning the electron dose rate. The 

linear dependence of bubble growth rate on electron dose rate is physically reasonable since 

each incident electron would be expected to give rise to a set yield of gas molecules, assuming 

the irradiated area is supersaturated with H2 under steady-state conditions. This assumption is 

reasonable for this work since previous studies have shown that when an entire liquid volume 

(e.g., a nanocapsule) is irradiated with a high dose rate, supersaturation and steady state 

conditions are established within milliseconds55,62 – far shorter than the image acquisition 

frame rate (0.1 s per frame). 

From the line fit in Figure 3b, the rate of the addition of gas molecules to each bubble 

(dn/dt) can be estimated to be on the order of 10-23 to 10-22 mol s-1, or approximately 1-10 gas 

molecules per second at 190 e- Å-2 s-1. Assuming that gas molecules are generated throughout 

the nanocapsule and do not pass through the capsule shell, this rate suggests that 106-107 

incident electrons are required to generate one gas molecule that contributes to bubble growth. 

Electron-induced bubble growth occurs through a complex mechanism that potentially 

incorporates a number of reaction pathways, including radiolysis by secondary electrons, and 

depends on the solubility and diffusion of the gas in the liquid.55,56,62 Nevertheless, the linear 

fit in Figure 3b is a good quantitative indicator for the efficiency of generating gaseous 

species in an otherwise complex mechanism.

During nanobubble growth, the nanocapsules remained intact, despite the fact that 

nanobubble expansion should displace the liquid inside the nanocapsules and cause the 

vesicles to expand. We observe a small increase in the nanocapsule diameter of ca. 5% for 

circular capsules during bubble growth (Figure 4a, Figure S14, Movie S4), suggesting a 
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pressure-induced expansion of the nanocapsule shell. The Au-coated liposomes do not suffer a 

catastrophic rupture during bubble expansion, which suggests that the nanocapsule shell, like 

a lipid bilayer,71,72 is either elastic or semipermeable to water, or both. The mechanical 

stability of the Au-coated liposomes is notable because it contrasts with predictions for the 

bubble-induced rupture of uncoated liposomes, which has been investigated for drug 

delivery.36 The semipermeable shell of Au-coated liposomes could be advantageous for liquid 

cell TEM, since the electron-dose-rate-dependent bubble expansion (0-40 nm3 s-1, Figure 

S11b) could be used to finely control the flow rate of water pumped out of the nanocapsules 

(40 yL s-1). Such nanopumps would be analogous to the microfluidic pumps driven by 

expansion and collapse of  thermally73 or electrochemically74 generated microbubbles. 

Figure 2bcd and Supplemental Movie 1 also show the motion of individual 

nanobubbles within the confines of the nanocapsules. As shown in Figure 2bcd and 

Supplemental Movie 1, nanobubbles always formed as small (<15 nm diameter) nuclei in 

contact with nanocapsule walls. Initially, these bubbles are not spherical, indicating that they 

are adhered to the interior walls of the nanocapsules. As the bubbles grow, the length of the 

interface between each bubble and wall remains unchanged, pinned due to the contact angle of 

the gas/water/lipid interface or due local heterogeneity in the bilayer. Instead, the bubble 

grows into the interior solution of the nanocapsule and evolves to have a more circular cross 

section to minimize surface energy. The bubble eventually detaches from the wall, which 

implies the existence of forces opposing the capillary forces that otherwise make it 

energetically unfavorable for the bubble to disjoin.75 The driving force for detachment could 

arise from spontaneous convection in the interior fluid or from electrostatic repulsion between 

the e-beam-charged surfaces of the bubble and capsule walls.76 Both types of forces increase 

with the expanding surface area of the growing bubble.

After detaching, the nanobubbles diffuse throughout the nanocapsule interior, as 

demonstrated by the positions and trajectories shown in Figure 4a. Bubbles in different 
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nanocapsules show various trajectories of motion at early stages. For example, the bubble in 

nanocapsule L1 (in Figure 2a) exhibits random motion locally as well as occasional long-

range jumps. The bubble in nanocapsule L2 exhibits a more directional trajectory, while the 

bubble in nanocapsule L3 shows only local fluctuations. While the instantaneous velocities of 

the nanobubbles in x and y directions ranged mostly from 0.1 to 10 nm s-1 (Figure 4b), bubble 

velocities occasionally spiked to 200 nm s-1 (Figure 2b, frames 2 and 3; Figure 4ab). These 

long-range jumps could be driven by electrostatic interactions between the e-beam-charged 

surfaces77 of nanobubbles and the liposomes. As the bubbles grow over time, the 

nanocapsules offer effective confinement and restrict bubble mobility. When each bubble 

completely fills its nanocapsule, the bubble stops growing and moving. However, none of the 

bubbles escape the confinement of their nanocapsules, demonstrating the ability of the 

nanocapsules to retain gaseous reaction products. 

To characterize the diffusive motion of the nanobubbles in L1, L2 and L3, we 

investigated the dependence of their mean squared displacement (MSD) on the diffusion time 

t; such analysis is routinely used to categorize single particle trajectories in liquid cell 

TEM.78–80 While traditionally the Brownian motion is defined for a solid sphere, the classical 

Stokes–Einstein relationship can be modified by a small factor to describe the motion of gas 

bubbles,81 thus permitting MSD to characterize bubble diffusion. MSD analysis for short 

trajectories, as expected in the confined space of nanocapsules, is sensitive to localization 

error and motion blur.82 We minimized the localization variance through the use of a custom 

drift code correction algorithm and careful image segmentation (Figure S5a).  The MSD 

traces (Figure 4c, Figure S11c) do not exhibit the linear dependence on t characteristic of 

simple Brownian motion in bulk liquid across two dimensions (MSD = 4Dt, where D is the 

diffusion coefficient).83 The MSD traces plateau because nanobubbles cannot diffuse outside 

of the confines of the liposomes, saturating at MSD = 550 nm2 s-1 for the bubble in L1. This 

saturation value is consistent with the theoretical MSD value of (Rcapsule - Rbubble)2 = 484 nm2 
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where the radii R for the nanocapsule and bubble are Rcapsule= 28 nm and Rbubble = 6 nm, 

respectively. Anomalous diffusion is observed even in the linear regions of the MSD plot 

(Figure S10b). The diffusion coefficients extracted from fitting MSD data (0.31, 0.091 and 

0.044 nm2 s-1 for bubbles in L1, L2 and L3, respectively) are eight orders of magnitude lower 

than the Stokes-Einstein diffusivities of spheres with equivalent diameters, suggesting that 

factors beyond geometric confinement limit nanobubble diffusion in liposomes. 

The diffusion of nanobubbles in liposomes may be hindered84 by electrostatic and 

hydrodynamic interactions, by crowding85,86 or spatial heterogeneity in nanocapsules, or by 

interactions between the nanobubble and the nanocapsule walls. For such anomalous 

diffusion, the MSD can be described by a power law,83,86 MSD = Kαtα, where the exponent α 

defines the different regimes of diffusion, with α = 1 describing classical Brownian motion 

and K being a time-independent constant with units nm2 s-α. While the diffusion coefficients 

for all bubbles are several orders of magnitude lower than expected for Brownian motion in 

water, the exponent α can still be used to differentiate between different class of bubble 

trajectories. For instance, the three trajectories in Figure 4a exhibit MSD time traces in two 

distinct diffusion regimes (Figure 4c; tα fits shown in Supplementary Figure S10b). The 

bubbles in L1 and L3 exhibit α<1, with α = 0.65 and 0.75, respectively, which is consistent 

with non-directional diffusion in confined geometries83 and is the prevalent trend for the 

remaining five liposomes in Figure 2a as shown in Figure S11c. While the bubbles in L1 and 

L3-L8 all have α<1, the bubbles in the smaller liposomes (L3-L8 with diameters between 35 

to 45 nm) are less mobile than the bubble in the larger, 58-nm diameter L1 (MSD in Figure 

S11c). This dependence on geometry is also seen in the bubble in the oblong L2 (with major 

diameter of 68 nm) with  α = 2.75 > 1, which is analogous to super-diffusive behavior87 

caused by its directional trajectory along the length of the nanocapsule (Figure 4a).  Given 

that liposomes are present in different shapes,88 liquid cell TEM can facilitate investigations 
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into the effect of nanocontainer geometry on individual nanoparticle entrapment and 

transport-limited reactions. 

Beyond facilitating in situ measurements of nanobubble growth and transport, the 

liposome nanoreactors appear to promote reactions that do not occur as readily in bulk 

solution. As shown in Figure 2 and Supplemental Movie 1, nanobubbles only form inside the 

nanocapsules and not in the surrounding fluid. The preferential stability of nanobubbles in 

nanocapsules could be attributed to the reduction of nanobubble surface tension by a 

monolayer of lipids coating the bubble.89–92 The bulk surface tension of an air/water interface 

coated with a monolayer of POPC (ca. 30 mN m-1) is less than half of the 72 mN m-1 93 

surface tension for a bare interface. The amphiphilic lipids thus act as a surfactant and reduce 

the critical size and free energy barrier required to nucleate a bubble.94 An alternate 

explanation for the preferential nucleation of nanobubbles in nanocapsules is that the 

concentration of dissolved radiolysis products (e.g., H2) in the fluid outside the nanocapsules 

cannot reach supersaturation due to rapid diffusion away from the irradiated area.56 These two 

mechanisms, if confirmed, would demonstrate that the confinement and distinct chemical 

environment inside nanocapsules drive selective reaction behavior.  

Finally, we observed that the gaseous reaction products can be transported between 

two nanocapsules. As shown in Figure 5ac and Supplementary Movies 2 and 3, we observe 

the merging of two Au-coated liposomes followed by the transport of gas from the smaller 

bubble to the larger one. The directionality of gas transport is likely driven by the higher 

internal pressure of the smaller bubble. Before the two nanocapsules in Figure 5a fuse, they 

are separated by a minimum distance of only 2.6 nm, highlighting the need for in situ TEM to 

study such fusion processes.95 The smaller nanocapsule spontaneously forms a protrusion in 

its shell that locally repels the shell of the larger capsule (Figure 5a, t = 238.2 s). The 

protrusion of the smaller nanocapsule eventually contacts the shell and induces fusion (269 s). 

Within one frame (Movie S2), the bubble in the smaller capsules vanishes with a correlated 
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increase in the projected area of the bubble in the larger capsule (Figure 5ab, 275.8 s).  

Transport of liquid between nanocapsules is also observed during this process (Figure S18). 

The transport of gas between nanocapsules is limited to the available space in the adjacent 

nanocapsule, as illustrated by Figure 5cd and Supplementary Movie S3; here, the bubble in 

the source nanocapsule does not completely vanish since the receiving vesicle cannot 

accommodate all of the gas from the source bubble. The ability to trigger mixing by fusing 

liposomes will be useful for in situ measurements of fast chemical reactions. These liquid cell 

TEM experiments would be analogous to liposome-mediated reactions imaged by optical 

microscopy,30–32,38 but with orders of magnitude higher spatial resolution. While liposome 

fusion does not require high electron dose rates and can be initiated at low doses,40,41  it does 

require two nanocapsules to be in close proximity. Deterministic approaches for pairing 

nanocapsules loaded with complementary reactants can be implemented by functionalizing 

liposomes with lipids of opposite charge,66 by creating nested structures of liposomes in 

liposomes,35,96 or by hydrodynamically trapping97 liposomes in features patterned on the 

window membranes. The initiation of reactions in such systems can be triggered not only by 

e-beam interactions but also by a variety of thermal,35,98 optical,99 and electrical31 stimuli.

Conclusions

In summary, we have utilized gold-coated liposomes as nanocapsules to confine and 

image nanoscale reactions in zeptoliters of aqueous solution. Using this in situ liquid cell 

TEM approach, we observed the dynamics of nanobubble formation, growth, and movement 

within 35-60 nm diameter nanocapsules. In addition, the transport of gas between liposomes 

has also been captured. An understanding of the nanobubble dynamics inside liposome-based 

nanocapsules is biomedically relevant since liposome-encapsulated bubbles are used as 

ultrasound contrast agents and as actuators for drug delivery.36,100–102 Imaging liposomes and 

other soft colloids in liquid at high resolution can reveal their complex structural response to 
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interactions with different surfaces or changes to their surrounding medium, e.g., ionic 

strength or pH.34  Moving forward, the integration of nanocapsules with liquid cell TEM 

could facilitate in situ observation of a broad range of nanoscale reactions such as hydrogen 

storage in metal nanoparticles,103 the growth of single inorganic nanocrystals, and 

mineralization on lipid bilayers.104 For such reactions, self-assembled nanocapsules offer a 

facile approach to simultaneously initiate and observe multiple, isolated reactions in a single 

field of view, which can be used to rapidly acquire statistics for stochastic processes and 

screen combinatorial libraries.  In contrast, achieving comparable zeptoliter confinement of 

liquid pockets in top-down nanofabricated liquid cells currently requires resource-intensive e-

beam or nanoimprint lithography105 or requires surface treatments to ensure the fluids are 

retained in the nano-reservoirs. The ability to visualize the evolution of nanoscale reactions 

without labor-intensive fabrication will facilitate the direct testing of mechanistic theories, 

accelerating the development of new materials and helping to elucidate the complex reaction 

networks that produce them.106–108 
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Figure captions

Figure 1. Au coated liposome nanocapsules for LCTEM. (a) Schematic of nanocapsules in a 
TEM liquid cell. (b) The nanocapsules are composed of a Au shell formed on a soft liposome 
scaffold composed of lipid bilayer and cholesterol molecules in 80:20 mol%. During TEM 
imaging, the e-beam induced radiolysis of water results in gaseous by-products that form 
bubbles in the capsules’ liquid interior.  (c) TEM image of liposome scaffold without Au atoms 
in a graphene liquid cell and intensity profile along line AB showing the ca. 3 nm thickness of 
the lipid bilayer. (d) TEM image of gold-coated, liposome-based nanocapsules in a carbon 
liquid cell and its corresponding (e) FFT image showing spots corresponding to the 2.04 Å 
spacing of Au (002) lattice planes. (f) Fourier-filtered image from (d) showing the Au coverage 
on the liposomes. This image was produced by inverse FFT of the masked spots in (e) 
corresponding to Au (002) lattice planes. 

Figure 2. Observations of nanobubbles in nanocapsules formed by e-beam-induced radiolysis 
of water. (a) Micrograph of eight nanocapsules corresponding to t=380 s of Supporting Movie 
1. Time sequence of nanobubble growth and movement in nanocapsules L1, L2 and L3 marked 
by (b) black (c) red and (d) blue boxes in (a), respectively. At t=14 s the bubbles are not circular 
and are pinned to the nanocapsule wall. The shapes of the bubbles transform into spheres as 
bubble growth progresses. This is most obvious in (d) from 14 to 102 s. The spherical bubbles 
detach from the walls and proceed to move to different parts of the nanocapsule. Scale bar for 
(b), (c) and (d) is 10 nm.

Figure 3. Growth of gas bubbles by e-beam-induced radiolysis of water. (a) Temporal evolution 
of the diameter, volume and number of gas molecules in nanobubbles in nanocapsules L1, L2 
and L3 from Figure 2a. The electron dose rate was changed in three steps: 190, 570 and 730 e-

Å-2s-1. With each increase of dose rate, we observe a faster growth rate which indicates higher 
gas generation rate. This rate is plotted in (b) as a function of electron dose rate. Nanocapsules 
L4 to L8 are from Figure 2a and marked in Figure S11. Growth rate plots for additional 
liposomes are shown in Figure S12 and S13.  The slope of the linear fit is 4x10-26 mol s-1 per 
e-Å-2s-1. 

Figure 4. Movement of bubbles in the interior of nanocapsules. (a) Bubble trajectories for 
capsules L1, L2 and L3 (Figure 2a) over time. The initial and final size of the bubbles and 
nanocapsules are also illustrated(b) Instantaneous velocity of the bubble in L1 plotted with time, 
showing rare jumps at a much higher speed of ~ 200 nm s-1 than the typical velocity range of 0 
to 5 nm s-1, which decreases with increasing bubble diameter. (c) Time-averaged mean squared 
displacement (MSD) plots measured for the period starting from bubble detachment from the 
nanocapsule wall until the electron dose changes at 597 s. 

Figure 5. Gas transport between nanocapsules upon fusion. (a) Frames from Supporting Video 
2 and corresponding bubble and nanocapsule contours showing gas transport between 
nanocapsules. At 269 s, fusion between the nanocapsules occurs, and gas from the nanobubble 
in the smaller capsule is immediately transported to the larger capsule. (b) Projected area of the 
nanobubbles vs time, showing the sudden increase in size of the larger bubble with a correlated 
disappearance of the bubble in the smaller nanocapsule. The fluid jet formed at 275.8 s during 
gas transport from the smaller to the larger nanocapsule, also deforms the bubble. (c) Frames 
from Supporting Video 3 and contour plot showing gas transport between nanocapsules also 
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initiated by fusion. When gas is transferred from the left nanocapsules to the right at 84.5 s, the 
transferred volume is limited by the space available in the receiving nanocapsules. As the 
volume of the nanocapsule on right is filled to capacity, some gas remains in the left capsule. 
(d) Projected area of bubbles in the left and right nanocapsule in (c).  
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Table of Contents graphic caption 
 
Gold-coated liposome nanocapsules enable in situ TEM imaging and mixing of nanoscale 
reactions confined in zeptoliter volumes 
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