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A B S T R A C T   

Antibubbles are unusual physical objects consisting of a liquid core(s) surrounded by a thin air film/shell while in 
a bulk liquid. Antibubbles carry two air-liquid interfaces, i.e., one with the inner liquid and the other with the 
outer liquid. The distinct structure of antibubbles makes them quite attractive for drug and therapeutic delivery, 
although their potential applications have not been realized so far. The major challenge in this regard is a short- 
lived span of antibubbles, which is usually in the order of a few minutes to a few hours based on the stabilization 
mechanism used. We present a critical overview of different techniques that can be used to generate antibubbles. 
This includes a more commonly applied conventional approach in which the air-film is created through surface 
entrapment when a liquid jet/drop falls on a bulk liquid. The other available options rely on entirely different 
mechanisms for antibubble formation, for instance, through drop encapsulation by a submerged air bubble, or 
through evaporation/sublimation of volatile oil from a W/O/W double emulsion. Furthermore, the mechanisms 
of antibubble formation and collapse, and the factors affecting their stability have been discussed explicitly; and 
wherever required, the concept is correlated to other allied physical objects such as bubbles, liquid marbles, etc. 
Finally, the potential applications, research gaps in the existing knowledge, and some directions for future 
research are provided towards the end of this article.   

1. Introduction 

Antibubbles have a discrete air film separating the inner liquid core 
from an outer bulk liquid, i.e., a water-in-air-in-water structure (Fig. 1). 
Hughes and Hughes [1] were the first to report the existence of such 
unusual physical objects. Initially, they were assigned different names, 
such as inverted or inverse bubbles [2,3], and finally, they were given 
the name antibubbles in 1974 [4]. Although antibubbles were discov
ered a long time ago, they attracted the attention of the scientific 
community since the beginning of this century through the use of high- 
speed imaging. Most of the studies in the past two decades were focused 
on understanding the mechanisms of antibubble formation and collapse 
[5–8], and the factors affecting their stability [9–13]. Antibubbles can be 
produced simply by pouring a suitable liquid mixture (e.g., an aqueous 
detergent solution) at the surface of the same mixture [5]. The falling 
liquid thus entraps a thin air film, leading to antibubble formation. The 
previously conducted fundamental investigations on antibubbles usually 
adopted this classical approach of antibubble formation. Besides, the 
antibubble formation can also be realized through some modifications of 
this classical technique [14,15], or through entirely different 

approaches, e.g., coalescence of microbubbles [16,17], submerged drop 
encapsulation [18], and Pickering stabilization [19,20]. 

The significance of antibubbles lies in the existence of a distinct 
structure that promises unique applications as encapsulation matrices. 
For instance, the entrapment of the liquid core by an air-shell minimizes 
chances of release of the encapsulated compound by diffusion or any 
possible interaction with the surroundings, which is usually the case 
with conventional encapsulation matrices. Furthermore, they can be 
used for a more precise and a site-specific delivery, e.g., through ultra
sounds or magnetic fields [17,21]. Keeping in view the capability of 
antibubbles for encapsulation, delivery and controlled release of drugs 
and bioactive compounds, the present article has been written with an 
aim to comprehensively analyze the existing literature. We have criti
cally discussed different production methods and related process pa
rameters. The role of surfactants and allied factors on the stability of 
antibubbles is also presented, with a special emphasis on particle-based 
stabilization as the most viable option to achieve extended antibubble 
lifetime. More importantly, the potential applications, research gaps in 
the existing knowledge, and some directions for the future research is 
provided towards the end of this article. 
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2. Techniques for the preparation of antibubbles 

In this section we will discuss the different techniques available to 
produce antibubbles. These techniques are summarized in Table 1. 

2.1. Conventional or falling liquid method 

Initially, antibubbles were prepared by using a simple experimental 
setup, which still seems to dominate in more recent studies. This con
ventional method constitutes dropping a liquid (in the form of a jet or a 
drop) from a certain height into a tank with greater volume of the same 
liquid. When the falling liquid touches the bulk liquid below it sinks 
down due to its momentum entrapping a gas film between the external 
liquid and the falling liquid, creating a non-wetting situation, which 
results in creation of an antibubble. This simple methodology only re
quires two main components: i) a capillary or a dropper to throw a liquid 
from the top, and ii) a container, cell, or tank with a larger quantity of 
liquid. In an earlier study conducted by Dorobolo et al. [5], antibubbles 
were produced with a simple experimental setup using an aqueous so
lution of dishwashing soap. A beaker was used to drop the liquid into an 
open reservoir filled with the same liquid mixture. In such arrangement, 
the liquid from the beaker flows down in continuous fashion to form a 
jet, and enters in bulk liquid while entrapping thin air film. Conse
quently, Rayleigh plateau instabilities will cause the jet to break into 
multiple droplets covered with thin air film, i.e. the antibubbles are 
formed (Fig. 2a). The continuous flow of the falling liquid pushes the 
newly formed antibubbles further down in the bulk liquid. Notably, the 
liquid jet can also be developed in a more controlled fashion, e.g., as 
reported in [6,9]. A further advanced and more sophisticated apparatus 
(using the same approach) was recently reported by Vitry et al. [13]. A 
gas bell was used inside the reservoir to supply a controlled air quality to 
the falling liquid jet, i.e., for the antibubble formation. The flow of the 
liquid (jet) and the gas inside the immersed bell was carefully regulated 
by a pressure controller. This apparatus provided a good control on 
various process parameters for antibubble formation. However, the 
drawback of dropping the liquid in the form of a jet is that it has less 
control on droplet size being formed by Rayleigh instabilities. Therefore, 
Kim and Stone [10] came up with a modified apparatus in which the 
liquid from the reservoir (a plexiglass vessel) was continuously drawn 
(using a pump) and then injected drop by drop (diameter ≈ 6 mm) into 
the reservoir through a pipe (diameter = 5 mm) at a certain height above 
liquid pool. The apparatus was also provided with a filter for drainage of 

any foam that can possible hinder antibubble formation. This apparatus 
provided an effective control on the falling drop height, size, and speed. 
As reported by the authors, the successful formation of an antibubble in 
this case requires two main steps: i) formation of a liquid cavity while 
entrapping an air film, and ii) pinching of the liquid-air cavity resulting 
in antibubble formation (Fig. 2b). However, there could be two unfa
vorable situations that can hinder antibubble formation: i) a sufficient 
air film development but lack of pinching at the back, or ii) an improper 
air film formation due to a rapid drainage of the air. Here, the inertia of 
penetrating liquid column together with viscous thinning of air film 
controls the first step in the formation of antibubbles, while pinching of 
the liquid column (and thus detachment of the antibubble) is driven by 
surface tension. 

In the past three decades, the phenomena of drop impact on liquid 
surface attracted attention of many physicists [22–36]; however, only 
few studies are available on the formation of antibubble from a single 
drop while impacting on a bulk liquid surface. The formation of an 
antibubble from a successful collision between falling drop and bulk 
liquid surface requires a careful optimization of different parameters, 
such as height (hd), velocity (u) and radius (Rd) of the falling drop, which 
are strongly correlated to each other [10]. The falling drop should have a 
minimum speed in order accomplish the first step, i.e., cavity formation, 
as mentioned above paragraph. Kim and Stone [10] related this with 
critical Weber number ρu2Rd/γ > 1, where ρ and γ are density and sur
face tension of the liquid. Based on this, the critical velocity (uc) was 
reported as uc > (γ/ρRd)0.5, which shows its dependency on the drop 
radius apart from liquid properties (see Table 1 for optimum conditions 
to produce an antibubble of 2.2 mm radius). 

The cavity formation upon collision between drop and liquid surface 
is a consequence of conversion of drop kinetic energy into surface energy 
[37]. Therefore, low-velocity drop impacts, such as floating and 
bouncing [34–36,38–40], do not lead to antibubble formation. Recently, 
Wang et al. [41] performed an experimental study on antibubble for
mation by a single drop impact, i.e., similar to Kim & Stone [10], using a 
high quality imaging. The primary difference in the experimental setups 
of the two studies is that Wang and co-workers used much larger falling 
drop height (probably due to the reason that the drops had zero initial 
velocity), which was not the case in the other study. Wang et al. [41] 
studied falling drop dynamics and identified different regimes based on 
drop impact velocity or kinetic energy. As presented by the authors, the 
drop collision on bulk liquid leads to splashing, cavity formation, and 
then rise of a thick jet on the liquid surface (Fig. 3). The impact velocity 
determines height of the rising jet which in turn leads to different re
gimes, i.e. no droplet, single droplet, double droplet, and antibubble 
formation, each separated by a threshold kinetic energy of the falling 
drop (Fig. 4). Only the double droplet regime is relevant to antibubble 
formation and is therefore presented here. The thick jet (having a suf
ficient height) breaks into two droplets: primary and secondary (Figs. 3, 
76 ms – 92 ms). Subsequently, the primary droplet collides with the 
secondary droplet and pushes it into the bulk liquid, which forms an 
antibubble (Figs. 3, 1100 ms). Whereas, the primary droplet remains on 
the surface for a while, and then coalesces with the bulk liquid (Fig. 3, 
258 ms). Here it should be noted that contrary to Wang et al. [41], Kim & 
Stone [10] did not report similar regimes; mainly due to the reason that 
in their study falling drops were elongated (Fig. 2b). Hence, shape of the 
impinging drop is also a key parameter that can produce different 
impact dynamics, and so can also influence antibubble formation. 

Additionally, physical properties of the liquid such as surface tension 
and viscosity are also critical to the formation of antibubbles (either 
through a falling jet or drop method). The presence of a surface-active 
agent is crucial for the formation as well as the stability of antibubbles 
(as in some cases the antibubbles may develop without surfactants but 

Fig. 1. A schematic representation of a soap bubble and antibubble. The hy
drophilic heads and hydrophobic tails of surfactant molecules (in green) are 
facing towards liquid and air, respectively. The drainage of liquid film (in case 
of bubble) and air film (in case of antibubble), under gravity (g) is represented 
by orange arrows [13]. 
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Table 1 
A comparison between different techniques used for antibubble formation.  

Description of process/apparatus (Φ = nozzle inner diameter; h = drop 
falling height; u = drop velocity; Q = flow rate) 

Mixture composition and stabilization mechanism Characteristics of antibubbles (d =
diameter; r = radius; x = air-film 
thickness) 

Lifetime Ref. 

i) Falling liquid jet 
Pouring liquid mixture via beaker into a bulk liquid surface. Aqueous solution containing commercial dishwashing detergent (0.1%). d = 5–16 mm 

x = 3 μm 
2 min [5,68] 

A controlled pouring of liquid mixture via a nozzle on a bulk liquid surface 
(h = 5 mm). 

Aqueous solution of C12E6 (10− 3 M), glycerol in bulk solution to adjust density. r = 5–15 mm 
x = 3 μm 

4 min [6] 

A controlled pouring of liquid mixture via a nozzle on a bulk liquid surface 
(Φ = 4 mm; h = 1 cm; u = 1 cm/s). 

Aqueous solution of commercial dishwashing detergent (0.8%). r = 3–13 mm 
x = 0.2–1.0 μm 

1–7 min [9] 

Pouring liquid mixture via beaker into a bulk liquid. Aqueous solution containing different surfactants: commercial dishwashing 
detergent (0.6%) with or without glycerol (25%), sodium lauryl-dioxyethylene 
sulfate, cocoamidopropyl betaine, or myristic acid. 

d = 10 ± 5 μm 2–4 min [11] 

Pouring liquid mixture via a nozzle on a bulk liquid surface (Φ = 0.7 mm or 
1.6 mm; h = 2 cm). 

Aqueous solution of different surfactants: C12E6, and Triton X-100, with or 
without glycerol. 

r = 0.5–2.5 mm @ 0.7 mm nozzle 
r = 1–4 mm @ 1.6 mm nozzle 
x = 4.0 ± 1.4 μm 

0.5–2.5 min [13]  

ii) Falling liquid drop 
The liquid drops emerging from a nozzle fall on bulk liquid surface (Φ = 2 

mm; h = 1–20 mm; u = 6–29 cm/s). 
An aqueous solution of commercial dishwashing detergent (0.1%). r = 1.5–2.5 mm 

Optimum conditions for an 
antibubble of 2.2 mm radius: h = 11 
mm, and u < 24 cm/s. 

– [10] 

The liquid drops emerging from a syringe fall on a bulk liquid surface (h =
0–60 cm; u = 0–3.2 m/s). 

An aqueous solution of commercial dishwashing detergent (1%). d = 2–3 mm 
x = 5–20 μm 

0.3–1 min [41]  

iii) Foam layer or liquid film (multilayered antibubbles) 
The liquid drops emerging from a nozzle first fall on liquid film/foam layer 

and then on bulk liquid surface (Φ = 0.8–1.6 mm; u = 1.1 m/s). 
An aqueous solution of linear alkylbenzenesulfonate. d = 3.3–4.6 mm 

x = 8.3–35 μm 
– [14]  

iv) Falling drop pairs 
The liquid drops emerging from a syringe fall on a bulk liquid surface in pairs 

(u = 0.5–20 m/s). 
Aqueous solution of Triton X-100 (1%). d = ~0.5–3.0 mm – [15]  

v) Microbubble coalescence 
The microbubbles were generated through a submerged nozzle in upward 

direction (Φ = 0.78 mm; Q = 210 ml/min). 
An aqueous solution with glycerol (0–80%) d = up to 5 mm 1 min - 1 h. [16]  

vi) Submerged drop encapsulation 
Taylor flow (i.e., gas-liquid mixture) injection in bulk liquid through 

submerged microchannel in upward direction (Φ = 0.3–1 mm; Qgas =

10–80 ml/min; Qliquid = 3–20 ml/min). 

An aqueous solution with glycerol (0–70%) d = ~3 mm – [18]  

vii) Falling liquid marble 
The drops of a liquid mixture were formed through a syringe, coated with 

silica particles, gelled (by cooling) to form liquid marbles, and then 
dropped on a bulk liquid (h = 4 cm). 

Liquid drop/marble: 30% maltodextrin 33 DE and 2.5% gelatin in water. 
Particles used for coating liquid marbles: hydrophobized H18 fumed silica 
particles. 
Bulk liquid: An aqueous solution containing 1% H30 fumed silica particles, 1% 
NaCl and 10% sucrose. 

d = ~ 2.5 mm 
x = 30 μm 

> 20 h [19]  

viii) Pickering double emulsion 
Formation of Pickering double emulsion (W1/O/W2) using aqueous phases 

with glass-forming solute and volatile oil, followed by freeze drying (to 
evaporate water and oil) and rehydration to produce antibubbles. 

W1: 25% maltodextrin 33DE 
O: Hexane + HDK H18 silica nanoparticle (2.5%) 
W2: 25% maltodextrin 33DE + HDK H30 silica nanoparticles (0.5%) 

d = 10–60 μm, approx. Stable for at 
least several 
hours. 

[20] 
Other related 
articles: 
[49,67]  
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they will be very short lived). The surfactants help in lowering of the 
interfacial tension and allow the air film to sustain. Commercial soaps 
and various anionic and non-ionic surfactants have been reported in 
different studies on antibubble formation (Table 1). 

As apparent from earlier investigations, the antibubbles can be 
formed without any adjustment of the viscosity of either falling liquid or 
bulk liquid, i.e., an aqueous solution of a suitable surfactant can easily 
result in antibubble formation [5,10]. But this requires optimal adjust
ment of other parameters (discussed above) to allow air-film entrapment 
and pinch-off phenomena. However, the viscosity of the falling liquid 
relative to the viscosity of bulk liquid may have different implications. 
For instance, if we consider penetration of falling liquid into the bulk 
liquid (an important step in antibubble formation), a higher viscosity of 
the falling liquid leads to a higher chance of antibubble formation than 
the other way around [42]. Furthermore, a viscous drop can effectively 
maintain a stable air film that can nicely wrap around the entire drop to 
generate an antibubble. On the other hand, a higher viscosity of the bulk 
liquid usually requires more impact energy for cavity formation. 

However, once an antibubble is formed, a more viscous bulk liquid can 
promise an extended lifetime by damping incoming capillary waves 
[11]. These capillary waves are generated at the surface of newly born 
antibubble by a sudden change of topology due to air-film pinch off. 
Hence, from this discussion we can conclude that in this method a dif
ference in viscosities between falling liquid and bulk liquid is always 
favorable, either through facilitating lubrication process for air-film 
entrapment or through damping of the capillary waves. 

2.2. Antibubble formation through foam layer or liquid film 

This approach is quite similar to the falling drop method; however, in 
this case the drop first falls on a foam layer (laid on bulk liquid surface) 
or liquid film (held above bulk liquid surface) before it strikes at the bulk 
liquid [14]. As soon as the droplet touches the foam layer, the liquid film 
is stretched and a cavity is created on the foam surface (Fig. 5a). The 
liquid drop traps the air layer, and moves downward under the effect of 
gravity. Thus, the droplet is already surrounded by gas and liquid films, 

Fig. 2. Formation of antibubbles by a falling (a) jet [13], or (b) drop [10]. The black boundary represents thin air film.  
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which then enters into the bulk liquid and creates an antibubble. In a 
similar way, the antibubbles can be created through a liquid film held 
above the bulk liquid surface. When a droplet hits a liquid film, it wraps 
the liquid film due to surface tension while leaving a gas layer between 
the droplet and liquid film. Hence, an antibubble is already formed 
before the droplet touches the bulk liquid. When the antibubble strikes 
the bulk liquid surface, another gas film is entrapped but at the same 
time the middle liquid film will merge with the external bulk liquid, 

leaving behind a regular antibubble (single layered antibubble) in the 
bulk solution. Through this approach, a multilayered antibubble can 
also be produced when a liquid droplet is passed through several liquid 
layers and finally through a foam layer before entering into the bulk 
liquid (Fig. 5b). The antibubble formation through foam layer or liquid 
films seems quite fascinating, however, to the best of our knowledge, 
this is the only study in which the antibubbles were produced through 
such arrangements. 

Fig. 3. Antibubble formation via a drop impact on bulk liquid surface [41].  

Fig. 4. Classification of drop impact phenomena into different regimes as a function of drop kinetic energy, Ek. Bond number, Bo, represents the ratio between the 
gravitational and surface forces, i.e., Bo = 4ρgRd

2/γ [41]. 
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2.3. Antibubble formation through falling drop pairs 

In an attempt to further increase the probability of antibubble for
mation, Song and coworkers [15] reported a modified approach for 
antibubble formation through successive impinging of falling drop pairs, 
rather similar to Wang et al. [41]. In this case, the first drop will coalesce 

with the bulk liquid surface and creates a cavity (a crater-like surface 
deformation). The second drop then impinges into this cavity, entraps 
thin air film, and finally pinches off to give rise to an antibubble 
(Fig. 6a). The impact of a liquid drop on bulk liquid surface is usually 
categorized into four different regimes: low-energy coalescence, 
bouncing, high-energy coalescence, and jetting or splashing. The high- 

Fig. 5. A schematic representation of single-layered (a) and multilayered (b) antibubble formation using foam layer or liquid films [14].  

Fig. 6. a) Different stages of antibubble formation through falling drop pair, b) a relation between summative Weber number (Wesum) and ratio of bubble pinch-off 
time to air-film drainage time (τcap/τdrain), and c) is magnified view of dashed box in b [15]. 
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energy coalescence is the most practically feasible regime for antibubble 
formation through a falling drop pair [15]. The condition for a crater- 
like surface deformation for a high-energy coalescence can be 
described through the Weber number (We = ρu2Dd/γ) and Ohnesorge 
number (Oh = μ/

̅̅̅̅̅̅̅̅̅̅
ργDd

√
) of the falling drop as [43,44]: 

We • Oh− 0.58 > 119 (1)  

where, μ, ρ and γ are viscosity, density and surface tension of liquid 
mixture, respectively, and u and Dd are velocity and diameter of the 
falling drop, respectively. Once the bulk liquid surface has reached to its 
maximum deformation (becoming stagnant for a while) in response to 
the first impact, it represents an optimal instant (Δtopt) for a subsequent 
impact. For an optimal delay between successive impacts (i.e., Δt ≈
Δtopt), the authors came up with two additional criteria for a successful 
antibubble formation, i.e., Wesum > 3 and τcap/τdrain < 7, where Wesum is 
summative Weber number of two drops, whereas τcap and τdrain are 
bubble pinch-off and air-film drainage timescales (Fig. 6b&c). 

2.4. Antibubble formation through coalescence of microbubbles 

A more complex process than the classical approach of antibubble 
formation involves coalescence of two microbubbles in a viscous liquid 
[16]. Principally, a collision between two parent microbubbles (gener
ated via a submerged nozzle) causes a rapid inrush of liquid giving rise 
to a Rayleigh jet. The interfacial instabilities, which operate together 
with this infolding process, eventually break the interface and give rise 
to a drop inside the coalesced bubble. Hence, under ideal conditions, 
successive bubbling (through the submerged needle) and inverted 

dripping (i.e., drop entrapment) processes will form antibubbles (Fig. 7). 
Notably, a successful drop entrapment is an interplay of inertial, viscous, 
and capillary forces, which in turn are affected by various fluidic 
(mainly liquid viscosity and bubbling frequency) and geometric (nozzle 
size and liquid column height) properties. A liquid viscosity of 14.5 cP 
(an aqueous solution containing 66% glycerol) and a bubbling frequency 
of 50 bubbles per second were found optimum for antibubbles formation 
[16]. Furthermore, the frequency of drop entrapment was higher when 
the coalescence occurred close to the needle, greatly attributed to the 
localized chaotic regime when the lower bubble is detached from nozzle. 

A similar approach was used by Postema et al. [17] who produced 
micron-sized antibubbles through ultrasound-induced coalescence of 
microbubbles. They reported coalescence of a large air microbubble (30 
μm, unencapsulated) and a small air microbubble (7.5 μm, encapsulated 
in human serum albumin) through application of 0.5 MHz ultrasounds at 
0.8 MPa peak-negative acoustic pressure. The coalescence starts with 
instability of the larger bubble’s surface close to the smaller bubble. This 
will further result in liquid jet formation followed by a drop pinch-off in 
the larger bubble, and finally, an antibubble will be produced. To the 
best of our knowledge, this is the only study on the formation of anti
bubbles via ultrasound-based coalescence of microbubbles. However, a 
further investigation is needed to explain effects of various process pa
rameters on antibubble formation. 

2.5. Antibubble formation through submerged drop encapsulation 

Recently, Shen and coworkers [18] reported antibubble formation 
through injection of Taylor flow into the bulk liquid (an aqueous solu
tion with different glycerol concentrations) from the bottom. The Taylor 
flow was created through subsequent introduction of air and liquid slugs 
into a vertical microchannel through a T-junction. The mechanism of 
antibubble formation can be described as: i) formation of an air bubble 
that is detached by the following liquid slug, ii) penetration of liquid 
column into newly formed bubble to form liquid drop (Fig. 8). 

The authors described the breakup of this short liquid column into a 
drop through radial necking and axial contraction, instead of classical 
Rayleigh-Plateau instability, which can be described by surface tension, 
viscosity and inertia, i.e., through Ohnesorge number, Oh (as defined in 
Section 2.3). For a sufficiently long liquid column (i.e., a high aspect 
ratio, Lo = l/R, where l and R are length and radius of liquid column), the 
droplet breakup is predominantly determined by the Ohnesorge num
ber; whereas, for short liquid column length, the droplet breakup is also 
determined by the aspect ratio, as depicted in Fig. 9. In terms of surface 
tension effects, the relative onset of radial necking and axial contraction 
is quite important, which operate at different time scales at low and high 
Oh. Different forces operate below and above a critical Ohnesorge 
number, Ohc, i.e., surface tension and viscous forces dominate when Oh 
> Ohc, whereas, surface tension and inertial forces dominate when Oh <
Ohc. This gives a different value of characteristic time for the radial 
necking process. 

2.6. Antibubble formation via particle stabilization 

Pickering emulsions are surfactant-free dispersions that are stabi
lized by interfacial adsorption of solid particles. Such particle-laden 
interfaces usually offer exceptional stability against coalescence and 
Ostwald ripening as compared to surfactant-stabilized interfaces [46]. 
Additionally, various unusual dispersions such as W/W and O/O emul
sions that are almost impossible to achieve via classical surfactants, can 
be produces via particle stabilization [47,48]. Interestingly, antibubbles 
were successfully produced by particle stabilization, which was initially 
introduced by Poortinga [19]. In this method, a liquid drop (containing 
maltodextrin and gelatin) was first coated with hydrophobized fumed 
silica particles. The particle-coated drop (termed as liquid marble) was 
gelled (by holding at 5 ◦C for 1 h) and then dropped into bulk liquid, also 
containing fumed silica particles (less hydrophobic than those present in 

Fig. 7. Formation of an antibubble due to coalescence between two consecu
tive bubbles emerging through a submerged nozzle [16]. 

Fig. 8. Schematic representation of antibubble formation through Taylor 
flow [18,45]. 
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the falling-drop). On impact with the bulk liquid, the falling coated-drop 
(liquid marble) entraps an air film and hence it ends into an antibubble 
(Fig. 10a). Principally, this process of antibubble formation is quite 
similar to the conventional method (discussed above), and the main 
difference is that the interfacial stabilization is achieved via particles 
(similar to Pickering emulsions). The role of maltodextrin is to achieve a 
higher density of the liquid marbles, which will facilitate their pene
tration into the bulk liquid (i.e., to counteract the buoyancy forces). 
Later on, the same author reported another method that was based on 
formation of a particle-stabilized W/O/W double emulsion [20]. For 
this, the inner as well as external aqueous phases of the double emulsion 
should contain a suitable solute (e.g., maltodextrin), whereas the middle 
phase should be a volatile oil (e.g., hexane). Similar to the method re
ported earlier [19], the stabilization of both interfaces is achieved by 
hydrophobized fumed silica particles. In this case, the particles were 
initially present in the middle oil phase and the outer aqueous phase 
used to prepare the double emulsion. The double Pickering emulsion can 
be prepared using conventional emulsification [20], or in a more 
controlled fashion such as through using a microfluidic system [49]. The 
freeze drying of this double emulsion transforms the aqueous phases into 
glassy state, and also removes the middle oil phase. Upon reconstitution 
in water, the maltodextrin will hydrate and the dried material will turn 
into an antibubbles dispersion, in which the inner aqueous phase is 
surrounded by a middle gaseous phase followed by the external aqueous 
(continuous) phase (Fig. 10b). Surprisingly, the core (i.e., inner glassy 

phase) gets rehydrated through adsorption of water vapors from the 
continuous phase, and the air shell remains intact through stabilization 
by the hydrophobic particles. It should be noted that as a double 
emulsion usually contains multiple water droplets inside the oil drop
lets, the antibubbles produced through this method may contain mul
tiple liquid cores. 

3. Stability of an antibubble - the role of surfactant and other 
factors 

An antibubble is a thermodynamically unstable entity, which has an 
extremely short lifetime compared to other dispersed structures such as 
bubbles and droplets (Table 1). This is due to the surface tension, i.e., the 
collapse of an antibubble will result in a reduction of interfacial area and 
a release of interfacial energy, which is directly proportional to the 
surface tension. For instance, if we assume inner and outer diameters of 
an antibubble as 2 and 2.5 mm, respectively; one can calculate that after 
collapse, the interfacial area of the remaining gas bubble is reduced to 
38% of the total antibubble interfacial area, thus reducing the interfacial 
energy. Furthermore, the thinner the air film relatively to the inner 
droplet volume, the more the reduction after collapse. 

The lifetime of an antibubble is the time required by air (inside the 
air film) to move in upward direction under the action of hydrostatic 
pressure, i.e., the south pole (bottom) is at higher hydrostatic pressure 
than the north pole (top). This results in thinning of the air film towards 

Fig. 9. Injection of Taylor flow into the liquid makes a liquid column penetrate a bubble; (b) the liquid column fails to break up with a small aspect ratio Lo; (c)–(f) at 
various Oh, the encapsulation structure is generated by the breakup process of a liquid column with a sufficiently large Lo [18]. 

Fig. 10. A schematic representation of antibubble formation via particle stabilization: a) single drop method, b) double emulsion method.  
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the south pole, which ultimately leads to collapse of the antibubble [11]. 
Few earlier studies reported formation of antibubbles without surfac
tants, e.g., through using highly viscous liquids or oils [18,42]; however, 
the produced antibubbles indeed exhibited an extremely short lifetime 
(i.e., in the order of 100 millisecond). By using a suitable surfactant, 
antibubbles can be produced with a lifetime typically around few mi
nutes. Principally, the surfactant molecules adsorbed at the air-liquid 
interface help in delaying air-film drainage of antibubbles – the main 
destabilization mechanism. Commercial detergents, and various ionic 
and non-ionic surfactants have been reported in different studies on 
antibubble formation (Table 1). 

In spite of some similarities between antibubbles and bubbles, their 
lifetimes cannot be explained under the same argument due to a 
particular air-shell structure present in antibubbles. An air film is far less 
stable than a liquid film because of two major differences, as described 
by Dorbolo et al. [11]. Firstly, this can be explained through looking at 
the arrangement of surfactant molecules at the air-liquid interfaces of 
antibubbles and bubbles (Fig. 1). In ordinary bubbles thinning of the 
aqueous shell is opposed by electrostatic repulsion when charged sur
factants are adsorbed at the interfaces. This repulsion stems from the 
overlap of the electric double layers. In the case of antibubbles stabilized 
by charged surfactants the electric double layers are present in the 
aqueous phases and not within the gaseous shell and hence this elec
trostatic repulsion is absent. Similarly, also steric repulsion forces that 
stabilize the gas film are absent because gas is a poor solvent. Therefore, 
the thinning of air-film proceeds upon drainage of the air film. Subse
quently, Van der Waals interactions become significant between the 
interfaces of the air film, leading to destabilization of the whole system. 
The second basic factor that attributes to a greater stability of a bubble 
as compared to an antibubble is the effect of confinement [50]. The 
liquid films have a prominent Marangoni effect that opposes the 
drainage; whereas it is relatively less pronounced in air films as the 
surfactant molecules are present in the continuous phase, i.e., not in the 
film. 

The interpretation of the role of surfactant in the lifetime of an 
antibubble is rather complex, compared to other dispersed structures. In 
other words, the lifetime of antibubble cannot be explained only in 
terms of peculiar surfactant properties, as properties of the liquid 
mixture are more important than merely the nature of surfactant used. 
For instance, it is difficult to obtain an antibubble with a solution of 
surfactant only, and therefore, glycerol is often added into the liquid 
mixture to get a higher probability of antibubble formation [11]. This 
requires a better understanding of interfacial rheology of the liquid 
mixture. Initially, it was found experimentally that the surface visco- 
elastic moduli of the liquid mixtures play a crucial role in the lifetime 
of the antibubble through determining the type of air flow during the 
air-film drainage [11]. That is, the air film drainage proceeds either 
more Poiseuille-like or plug flow depending upon if the surface modulus is 
high or low, respectively. A longer lifetime was related to Poiseuille flow 
due to a slow air-film drainage. They reported that the mean antibubble 
lifetime can be doubled by increasing the surface modulus by a factor 
100. Furthermore, Scheid et al. [7] proposed a theoretical model based 
on the lubrication theory for air-film drainage to describe the role of 
surface shear viscosity on the lifetime of antibubbles. Their theoretical 
and experimental observations reflected that the lifetime of antibubbles 
increases with surface shear viscosity. One of the assumptions of their 
model was that the adsorption kinetic of surfactant molecules is much 
faster than the lifetime of antibubble, i.e., the surface tension gradients 
that arise due to air-film drainage are balanced by a fast adsorption of 
surfactants at the interface. However, this assumption is not compatible 
with all surfactants, e.g., hexaethylene glycol monododecyl ether 
(C12E6), which has comparatively lower adsorption rate [51] and an 
extremely small surface shear viscosity [52], can produce antibubbles 
with lifetime nearly equal to its adsorption rate [6]. Therefore, Vitry el 
al. [13] recently elaborated the role of surface elasticity as the most 
decisive factor in controlling the lifetime of antibubbles. A higher 

surface elasticity favors a longer lifetime through the onset of Marangoni 
stresses (in response to depletion of surfactant molecules from interface) 
at the south pole that counters the air-film drainage. A detailed infor
mation on surfactant dynamics including Marangoni stresses at fluid 
interfaces can be found elsewhere [53]. During air-film drainage in an 
antibubble, the Marangoni stresses operate until the surfactant con
centration gradients are minimized through adsorption of surfactant 
from the liquid phases. Ultimately, the air film reaches to a critically low 
value and destabilized by van der Walls interactions as discussed above. 
Vitry el al. [13] reported a threshold value of 0.03 for the Marangoni 
number (Math) – a characteristic for surface rigidity (comparing the 
surface elasticity to the hydrostatic pressure force), above which the 
lifetime becomes nearly independent of surface elasticity, but then de
pends on surfactant concentration in the bulk. 

The discussion so far attributes instability of an antibubble due to air 
flow (or drainage) from bottom to top of the antibubble. However, 
another stabilization could also arise due to dissolution or loss of gas into 
the bulk liquid [12,13]. This happens as the gas-liquid interface is 
permeable and allows exchange of gases through it. This is even true if 
the interface is fully covered with, e.g. water-soluble, surfactants [54], 
which is usually the case with antibubbles. Therefore, the air content of 
bulk liquid can significantly affect the lifetime of antibubble, i.e., a 
longer lifetime if the liquid is saturated with gas, and vice versa. 
Nevertheless, the mass transfer coefficient through the interface can 
vary in response to some physical factors such as liquid flow with respect 
to the interface (e.g., when antibubble is rising due to density differ
ence), temperature, etc. 

The stability of antibubbles may be impacted by some other factors 
such as size of the antibubble, air film thickness (as mathematically 
explained at the beginning of this section), and quality of the entrapped 
air, which are briefly discussed here (based on experimental findings as 
reported in literature). Initially, it was believed that the lifetime is in
dependent of antibubble size [6,9]; however later Vitry et al. [13] re
ported a significant influence of radius on antibubble lifetime. In spite of 
a large dispersion in their experimental values, there was a clear trend 
showing an increase in lifetime as a function of radius (in the range of 
0.5–2.5 mm), which was also consistent with their numerical model. 
They further elaborated the effect of antibubble radius in relation to 
surface elasticity, i.e. as long as the interfacial surface is sufficiently 
elastic and rigid (i.e., Math > 0.3, as mentioned above) the larger anti
bubbles would have a longer life expectancy. However, for a given 
surface elasticity, there is a radius above which the Marangoni stresses 
ultimately becomes insufficient to counteract air-film drainage. 

Another closely related parameter regarding production of anti
bubble is the air-film thickness. The air-liquid interface usually un
dergoes regular deformations due to surface waves that are produced by 
impacting liquid drop/jet. This results in variability in the way the liquid 
jet/drop impinges the air-liquid interface, which in turn may result in 
variation in initial air-film thickness among consecutively produced 
antibubbles [13]. As an antibubble is destabilized due to upward 
movement of the entrapped air, so one might get an impression that a 
higher initial air-film thickness could result in a longer antibubble life
time. However, in reality this is not true, as experimentally established 
by Vitry et al. [13] who observed lifetimes of 130 rising antibubbles 
having different initial air-film thicknesses (the mean value was typi
cally around 4.0 ± 1.3 μm). Similar finding was also reported by Kim 
and Vogel [9], i.e., the air drainage time is independent of the air-film 
thickness. This supports the theory of a heterogenous air-film drainage 
due to existence of air channels, i.e., a variable thickness along the 
antibubble latitude [6]. However, contrary to air-film thickness, the 
quality of entrapped air can significantly impact antibubble lifetime. For 
instance, dust particles or any contamination can significantly destabi
lize antibubbles, either by altering the surface tension or by interfering 
with air-film to initiate an early rupture [9,13]. Vitry et al. [13] reported 
that 0.3 μm dust particle can definitely destabilize 0.5 μm thick air-shell 
with an assumption that the long-range intermolecular forces of about 
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100 nm are responsible for the rupture. Moreover, the large sized anti
bubbles were found more vulnerable to dust particles in comparison to 
smaller ones, due to existence of large air volumes in the former case and 
hence a larger chance that dust particles are entrapped inside the air 
film. 

Since the cause of instability of antibubbles is generally the air-film 
drainage under the influence of gravity, the lifetime of antibubbles can 
be prolonged by movement of the antibubbles in such a way that the gas 
film has no time to drain. In the study of Shen et al. [18], this was 
achieved through application of shear flow on antibubbles. Even in case 
of severe deformation of the antibubble due to strong shear flow, the 
outer air-shell and inner liquid-drop was found rather stable against 
breakage and coalescence, respectively, until a shear rate of 602/s. 
However, a more practical approach to ensure extended lifetime is 
through particle-based stabilization of antibubbles, as discussed in 
Section 2.6. The lifetime in this case could be around at least hours 
(Table 1), which is much longer than that of surfactant-stabilized anti
bubbles. In case of Pickering emulsions, the colloidal particles are 
adsorbed irreversibly at the liquid-liquid interface, and can form a 
tightly packed layer of particles around the drops. This provides a better 
resistance against coalescence, and therefore Pickering emulsions are 
believed to have much higher stability as compared to emulsions sta
bilized by surfactants [55]. Particle-stabilized antibubbles can be 
considered analogous to liquid marbles floating on water [56]. A liquid 
marble can be formed by coating of a liquid drop with micro- or nano
particles. A liquid marble floating on a bulk liquid surface, e.g., water, is 
separated by a thin air film from the liquid below and can be destabilized 
due to bursting (when particles covering the liquid marble are trans
ferred to the supporting liquid surface) or shrinkage (due to evapora
tion) [57]. The particle size, surface free energy and hydrophobicity of 
the encapsulating microparticles determine the effective surface tension 
and lifetime of a liquid marble floating on water [58]. Although, the 
destabilization mechanism for a liquid marble is different than that of an 
antibubble, however, the available literature on liquid marbles can be 
extrapolated to antibubbles. Still further investigations are needed to 
find the exact destabilization mechanism for particle-stabilized 
antibubbles. 

4. Potential applications of an antibubble 

Encapsulation technology has witnessed an unprecedent develop
ment in the past two decades as evident from multiple applications in 
food, pharmaceutical and chemical industries [59–61]. A number of 
encapsulation strategies are currently available, producing encapsula
tion matrices all the way down to the nanoscale; however, each with 
distinct pros and cons. An antibubble is one such strategy, yet an entirely 
different approach, in which an air shell is used to encapsulate an inner 
liquid core (that may contain the active component to be delivered). 
This specific structure of an antibubble makes it an attractive system 
which could offer innovative applications, entirely different from 
existing encapsulation strategies. For instance, they may promise a more 
precise delivery and a site-specific release of the active components in 
response to external fields such as ultrasound [17] and magnetic fields 
[21]. In medical imaging, microbubbles are already being applied as 
ultrasound contrast agents (UCA) to locate pathological tissues [62]. In 
the past, efforts have been carried out to load and deliver bioactive 
components through acoustically active microspheres having thick lipid 
shells [63,64]. However, such microspheres need high acoustic ampli
tude to release the loaded material due to a high viscoelasticity of the 
lipid shell [65]. Therefore, antibubbles could serve as potential UCA 
along with delivery of a therapeutic component to a specific area inside 
the body. The susceptibility of antibubbles towards ultrasound can be 
tuned by regulating the core size that would make them suitable vehicles 

in ultrasonic imaging and ultrasound-guided drug delivery [65,66]. It 
should be noted here that in their work Postema et al. [66] extended the 
antibubble concept to bubbles containing solid instead of liquid cores. 
Furthermore, the delivery of antibubbles can be regulated through 
application of external magnetic fields, as reported by Silpe and McGrail 
[21]. Such magnetic antibubbles can be produced through dispersion of 
iron oxide (Fe3O4) microparticles in the liquid core, while their flow can 
be controlled through regulating factors such as Fe3O4 concentration, 
magnetic field strength and other fluid properties of the system. How
ever, these investigations are mostly conceptional, as no real application 
has been reported to date. This is primarily due to the extremely short 
lifetime of surfactant-stabilized antibubbles. In that respect, the core- 
shell or particle-stabilized antibubbles seem an attractive alternative 
to conventional antibubbles. For instance, in a recent study [67] such 
core-shell antibubbles are reported for the encapsulation of probiotics (i. 
e., Lactobacillus casei) to protect them from external environment. The 
researchers found an improved viability of these bacteria after 1 h of 
incubation at low pH (analogous to gastric conditions). A further 
research in this regard could focus on achieving high encapsulation ef
ficiencies, and also on studying controlled release behavior of the core 
material, e.g., through change in wettability of particles in time or in 
response of any external stimuli. Here, it is important to realize that if 
the goal is to generate small antibubbles, i.e., down to (sub)micron scale, 
then we may have to rely on surfactant-based stabilization. This war
rants further study of the possibilities to stabilize antibubbles using 
surfactants. 

5. Conclusions 

Several techniques can be employed for the preparation of anti
bubbles, in which the creation of an air-film around a liquid drop can be 
realized either through surface entrapment (e.g., via impact of a falling 
jet/drop on a bulk liquid), submerged drop encapsulation (e.g., via a 
submerged capillary carrying a Taylor flow), or through evaporation of a 
volatile oil phase (e.g., in case of particle stabilized W/O/W emulsion). 
The antibubble in each of these techniques is produced by a distinct 
mechanism, through a careful optimization of the related process pa
rameters. Another logical basis of classification of antibubble formation 
could be based on the stabilization mechanism, i.e., i) surfactant stabi
lized, and ii) particle stabilized. The majority of studies reported so far, 
were based on surfactant stabilization. However, a complete under
standing of how surfactants facilitate antibubble formation and stabilize 
antibubbles is lacking. The researchers are still unable to produce small 
(preferably less than 100 μm) stable surfactant-stabilized antibubbles. 
Hence, a short lifetime of surfactant-stabilized antibubbles is still a 
major issue that is hindering their potential applications. Therefore, the 
particle-based stabilization seems a promising approach, which can 
produce antibubbles with long-term stability. This can finally enable us 
to achieve a range of envisaged applications of antibubbles. However, 
our understanding of when such particle-stabilized antibubbles burst is 
still incomplete and further research on this is required to obtain anti
bubbles with controlled release behavior. This will generate the 
knowledge to for example build antibubbles that become unstable at low 
pH such as in the stomach or in the vicinity of a tumor. Similarly, 
different applications will require different stabilizing systems sensitive 
to specific triggers. To achieve this, much research is still needed. 
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[37] Michon GJ, Josserand C, Séon T. Jet dynamics post drop impact on a deep pool. 
Phys Rev Fluids 2017;2:023601. https://doi.org/10.1103/ 
PHYSREVFLUIDS.2.023601/FIGURES/7/MEDIUM. 
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