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Abstract

Based on aphid wax—honeydew marble and the hydrophobic wax structure of lotus and its derived applications with super-
areophilic and superhydrophobic properties, edible carnauba wax and beeswax particles were mixed and utilized to mimic
lotus wax and wrap liquid, thus forming liquid marbles (LMs). Through the utilization of continuous production system
(CPS), wax as an interfacial surfactant, water and solid, air-phase or mixed-phase marble content was produced. The edible
liquid marble (ELM) could encapsulate water and food droplets. Edible solid marble (ESM) and edible solid hollow marbles
(ESHMs) could be fabricated by applying pectin or syrup. Moreover, through the heating of wax powders with different
melting temperatures, stable tablets and hollow capsules could be produced. The wax powder as interfacial surfactant could
firmly bind with pectin through hydrogen bonds on ESM. The edible LMs can therefore be applied for residue reduction,
corrosion reduction, biohazard prevention and cleaning in the food industry. The other phase LMs could act as novel tools
in the pharmaceutical and food industries with the above-mentioned water transport, preservation, sustained releasing and
selective releasing abilities.
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Introduction

Inspired by aphid wax—honeydew marble [1, 2], researches
have been conducted on liquid marbles (LM) formed
through wrapping water droplets with hydrophobic par-
ticles. LM have been applied in various fields such as gas
sensing [3, 4], adhesive materials [5], microbioreactors
[6] and water pollution indicators/collectors [7, 8]. The
stability of LM can be related to particle size distribution,
surface energy and external conditions [9-11]. Moreover,
the LM could be further processed through gravity [12],
mechanical force [13, 14], magnetic manipulation [8,
15-17] and light-driven locomotion [18, 19]. However,
the low-surface-energy materials and surfactant in the
air—water interface used for the LMs to encapsulate liquid
have been mainly perfluorinated compounds (PFCs) [20].
These harmful materials could be replaced by hydropho-
bic carnauba wax and beeswax particles that mimic lotus
wax [21-23], which are also edible (generally recognized
as safe (GRAS) under regulation 21CFR184.1973 and
1978). Biohazard and public health issues have triggered a
long-standing debate with regard to human daily life [24].
Recent events of COVID-19 transmission through food
produce and supply chains at food markets can also result
from infected manpower and unprotected/unsensitized pro-
duction [25-27]. Therefore, it is essential for novel meth-
ods and automated production to replace human labour
in food production [28]. Edible liquid marble (ELM) and
its derived applications could greatly reduce the need for
manpower through automated and direct wrapping of food
liquid content and other areas, such as tablet and capsule
production in the pharmaceutical industry to eliminate
bacterial growth, viral contamination or material residue.
Therefore, the application of ELM could be extended to
other fields such as additive food packaging, candy mak-
ing, beverage production, pharmaceutical drugs and food
supplements. LM and its derived phased marbles could be
an interesting research direction in this context.

Edible packaging materials have attracted great atten-
tion in recent years, whereas edible LM remains to be
explored [29]. Kawamura et al. introduced ELM with fatty
acid crystals and triacylglycerol crystals, and indicated its
use for food or healthcare products. However, practical
experiments were lacking from their study, and wax as a
temperature-sensitive hydrophobic material remained to
be investigated in the field of ELM [30]. Therefore, in
the present work, the procedure of wax powder fabrica-
tion is proposed through separating and drying wax from
wax-in-ethanol emulsion. Carnauba wax and beeswax
with different melting temperatures (82 °C and 62-64 °C,
respectively) were mixed and extracted in powder form
and wrapped in liquid to form ELMs. These two types of
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wax have been described and applied as a superhydropho-
bic coating for several applications: food liquid residue
reduction [31, 32], food packaging materials [33] or direct
food coating [34]. Studies have focused on enhancing the
stability or practicality of the wax made into superhydro-
phobic materials by adding an elastic layer in between
coating and substrate [35], controlling the melting of wax
coating [33, 36] or fumigating wax onto substrate [37].
However, most of these researches relied on spraying or
fumigation that could uniformly distribute the coating.
The downside of these techniques is that they can only be
applied to surfaces that are flat and adhesive with regard
to wax such as metal, glass and mostly plastics [31, 32,
35, 37]. On the other hand, independent hydrophobic wax
powder could serve as a superhydrophobic and superareo-
philic surface surfactant between the water—air interface
of LM and could facilitate the application of edible liquid
marble (ELM) in the food industry and pharmaceutical
fields. The single-wax-in-ethanol emulsion has been exten-
sively studied for producing bioinspired superhydrophobic
coatings; however, the properties and application of mixed
superhydrophobic wax powder and its derivatives need to
be explored, and the heating effect of mixed wax remains
to be researched.

The mass production of LM is essential for practical
application, which can be achieved by the simplification and
modification of the previously studied coalescence and split-
ting system (CSS) and the design of a continuous production
system (CPS) [12]. Furthermore, taking advantage of the
enlarged spiral wall of CPS and applying edible pectin (GRAS,
21CFR184.1588) as a LM component, a series of other phased
marbles can be fabricated, as the pectin solution is highly vis-
cous and commonly serves as adsorbent, bulk-forming agent
and excipient [38—40]. Thus, in this article, edible solid marble
(ESM) was be fabricated through the simple drying of pectin
ELM. Moreover, through simple air injection at the enlarged
spiral wall of CPS and subsequent drying, mixed-phase edible
hollow marble (EHM) and edible solid hollow marble (ESHM)
were produced. The ESHM could further encapsulate oil or
solid through a drilled hole that was repaired. In this manner,
the CPS, ESM, EHM and ESHM could further expand the
function and application of traditional LM.

Aimed at further characterizing the practicality of the
heated and unheated ESM and ESHM, in vitro digestion
tests were conducted. An in-vial shaking test was also con-
ducted to evaluate the durability of ESM and ESHM in
transport and storage situations. The ESM and ESHM can
be applied in both food and pharmaceutical industry appli-
cations for human consumption and further fields. The
application of ESM and ESHM can endow the industry
with progress in simplifying automated production and the
transportation of water, novel food, drugs or supplements,
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as well as the reduction of biohazard and waste in pipeline
and industry transportation processes.

Experimental procedure

Fabrication of edible hydrophobic mixed wax
powder

The wax-in-ethanol solutions of carnauba wax (purchased
from Shanghai Macklin Biochemical Co. Ltd., China) and
beeswax (obtained from Solarbio Science & Technology
Co. Ltd., China) were prepared using methods previously
reported by our research group but with modifications
[33, 41]. Specifically, 2 g of carnauba wax and beeswax
was separately added into flasks with 200 mL of ethanol
(purchased from Rionlon, China). Next, wax-in-ethanol
solutions of carnauba wax and beeswax were heated to
dissolve the wax. The solutions were cooled at room tem-
perature for the precipitation of edible hydrophobic wax
particles. Subsequently, the wax particle suspensions were
ultrasonicated for 2 h for the even separation and distribu-
tion of particles.

The two obtained solutions were mixed with carnauba
wax in a beeswax ratio of 4:1, 3:1 and 2:1. The wax-in-
ethanol solutions with different mixture ratios were kept in
an oven at 30 °C to evaporate the ethanol. Deionized water
(purified by the ModuPure system) was added to the dried
wax mixtures to prepare wax—water suspensions. The dried
edible hydrophobic mixed wax powders with different wax
ratios were collected after drying at 30 °C. Carnauba wax
powder can be also prepared using this drying method.

Fabrication of edible liquid marbles and their phase
transition (liquid, solid and hollow marbles)

The dried edible hydrophobic mixed wax powder was
evenly distributed onto the magnified spiral wall dish
described in our recent work [12]. Next, edible liquid
marbles (ELMs) were fabricated through pipetting liquid
of a specified volume on the centre of the spiral dish and
agitation on an orbital shaker. ELMs can pack liquid such
as water, orange syrup, ketchup and pectin. The pectin
solution was prepared through dissolving pectin powder
(purchased from Shanghai Macklin Biochemical Co. Ltd.,
China) in distilled and deionized water at room tempera-
ture to form a 10% w/v solution. ESM can be fabricated
through the drying of orange syrup or pectin ELMs and
forming candies or tablets. Edible solid hollow marble
(ESHM) can be further produced through the air injection
and drying of pectin ELM.

Bacteria detection using a luminometer

A 3 M Clean-Trace NG Luminometer was applied as the
relative light unit of bacterial fluorescence and the indication
of bacterial growth. A 133 mm X 24.5 mm area of both the
direct and the ELM transport pipeline was scrubbed with
3 M™ (Clean-Trace™ Surface Swab.

In vitro digestion experiment

This experiment was designed according to the method pro-
posed by Gawlik-Dziki et al. [42]. The ESM and EHM were
subjected to 3 stages of in vitro digestion. Stage I mimicked
oval digestion: shaking in simulated saliva addition (30 mL)
for 10 min in 37 °C; Stage II mimicked stomach digestion:
addition of simulated gastric fluid (Coolaber Co., Ltd., Bei-
jing, China), pH change to 1.2 by adding 5 M HCl and shak-
ing for 120 min at 37 °C; and Stage III mimicked intestine
digestion: pH change to 6 by 0.1 M of NaHCO;, addition of
bile extract and pancreatin mixture, pH adjustment to 7 with
1 M NaOH, 5 mL of 120 mM NaCl addition, 5 mL of 5 mM
KCl addition and shaking for 60 min at 37 °C. All samples
were shaken by an electrothermal oscillating sink (DKZ-2
Jinghong Co., Ltd., China).

Mechanical stability test

Pectin-made ESM, ESHM and heated ESM, ESHM were
selected for an in-vial stability test. Approximately 20 of
the selected subjects were encased into small vials with an
additional 1 g of wax powder for protection. Shaking by
electrothermal oscillating sink (DKZ-2 Jinghong Co., Ltd.,
China) was then performed for 2 h. The samples in 4 vials
were selected for water floating test and the determination
of coating integrity.

Characterization

The image acquisition of Au-sputtered ESM, EHM and
cross-sectional specimens was performed by field emis-
sion scanning electron microscope (FESEM, QUANTA
FEG 650, FEI, USA). Images of wax particles were cap-
tured through transmission electron microscopy (TEM,
FEI Tecnai G2 F30). The FTIR spectra results were col-
lected using Fourier transform infrared spectroscopy (FTIR,
Thermo Scientific Nicolet iS10). The mechanical testing of
ESM and EHM was conducted through in-vial shaking. The
stability of the mixed wax coating was characterized by its
floating ability. Magnified ELM, ESM and EHM images
were measured by the JC2000D system (Zhongchen Digital
Equipment Co., Ltd., Shanghai, China). Pipette injectors of
1-5 pL and 10-100 pL volume (Dragon Laboratory Instru-
ments Co., Ltd., Beijing, China) were applied for all liquids.
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The water contact angle (WCA) of 5 uL. water droplet and
magnified images were measured using the JC2000D system
(Zhongchen Digital Equipment Co., Ltd., Shanghai, China).
The WCA recordings of each sample were recorded at five
different positions and averaged for result.

Results and discussion
Fabrication of edible wax powder

The edible hydrophobic powder was prepared through two
stage evaporations of wax-in-ethanol emulsion. As the
previously conducted experiment indicated that both the
sprayed coatings of emulsion-prepared carnauba wax and
beeswax particles could possess superhydrophobicity [33,
41], when water droplet is dropped onto the powder with
superhydrophobicity and superareophilicity, the particles
act as a surfactant at the water—air interface and have the
tendency to warp the droplet for surface free energy mini-
mization to form liquid marble (LM). The SEM images in
Figs. 1a and 1b demonstrate that the as-prepared particles
possess microscale diameter and nanoscale porous structure;
therefore, they ascribe water repellent ability to the powder
mixture [43]. Furthermore, the FTIR result of both waxes
indicates abundant stretching vibrations of —-CH;, —CH,
groups at wave numbers 2920 and 2850 cm™! and an ester
group stretching vibration at 1750 cm™. The corresponding

Fig. 1 Properties of wax
particles and wax powders. a (@)
SEM image of carnauba wax.

b SEM image of beeswax. ¢
Models illustrating the sizes
and morphologies of carnauba
wax and beeswax particles. d
SEM image showing the surface
morphology of carnauba wax
and beeswax mixture (ratio 3:1).
e Optical images of the heated
mixed wax particles (ratio 3:1)
and water contact angle on the
heated mixed wax surface at
room temperature. f Opti-

cal image of 40 uL. LMs with
pH=1 and pH=14 coloured
solutions. g Optical image of
fourteen ELMs with 40 pL
solutions of different pH values

ester group and aliphatic groups provide the particles with
hydrophobic chemical property (Fig. S1) [44].

When the result is combined with previous research, the
diameter of the carnauba wax and beeswax can be concluded
as:d,=5.6+12umand dy=6.2+ 1.5 um (Fig. S2). Models
of the wax are presented in Fig. 1c. As shown in Fig. 1d,
e and Table S1, the water contact angle (CA) on heated
wax powder with 3:1 mixing ratio reaches 151°; thus, it is
deemed suitable for LM production. Due to the stability of
chemical properties of wax, wax powder could also wrap
liquid with different pH values between 1 and 14 (Fig. 1f).
As shown in Fig. 1g, LMs with different pH values were
formed into “LM” symbols on hydrophilic paper surface,
indicating that the wax powder is suitable for liquid foods
with various pH values.

As established previously, the heating of the beeswax to
55 °C could melt the wax without chemical changes and
strengthen the wax coating integrity through dense coating
formation (Fig. 2). The heating time, however, requires pre-
cise control to maintain the superhydrophobicity of the coat-
ing [33]. Therefore, to further simplify the heating process
and perform the heating process together with wax powder
production, carnauba wax with higher melting point was
introduced as a superhydrophobic convex structure [41].
Mixing ratios were set separately to 4:1, 3:1 and 2:1. These
ratios were set, because a ratio of 1:1 or higher may not lead
to powder formation, and a ratio of 4:1 or higher may not
yield a protective beeswax layer after heating (Table S1).

Carnau|5a wax
O—
d=5.611.2 um Beeswax
d=6.2%1.5um

ranging from 1 to 14, forming
“LM?” characters
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Unheated
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Heated
Waxes layer

Fig. 2 Illustration of heating effect on wax coating. a SEM images of coatings of wax with different mixing ratios on the pectin surface in both
the unheated and heated (55 °C) stage. b Schematic diagram of selected heating procedure of beeswax in the form of mixed wax particle powder

The beeswax layer may act as oxygen and vapour barrier
preventing the disintegration of pectin ESM and ESHM.
The mixed wax powder could allow the tablet or capsule of
drug prepared in the form of ESM and ESHM to have the
designated releasing capacity.

The SEM results indicated that the ratios of 2:1 and 3:1
could lead to uniform and dense coating with thickness of
4.6 and 2.5 um, respectively, while the ratio of 4:1 or higher
ratio could not (Fig. 2a). Therefore, as illustrated in Fig. S3,
the heated 4:1 ESM deformed and eventually dissolved simi-
larly to the unheated 4:1 ESM. While the heated 3:1 ESM
remained on the water due to dense wax coating, only the
powder with 3:1 wax ratio could possess superhydrophobic-
ity, while the one with 2:1 ratio lost its superhydrophobicity
through beeswax melting (Fig. S4). Therefore, the mixture
with 3:1 ratio was selected for wax powder production.

Applications of edible liquid marbles and their
transition phases

The continuous production system (CPS) was modified
according to the coalescence and splitting system (CSS)
described in previous work [12]. The CPS reduced the coa-
lescence and splitting function and featured an enlarged
spiral wall. The coalescence and splitting function was
designed for a miniature bioreactor; therefore, the function
of CPS was mainly focused at the mass production of liquids,
especially edible food liquids. As illustrated in Fig. 3, CPS
includes an orbital shaker, ELM collection plate, enlarged
spiral wall and pipette sampler of the droplet. The edible
wax powder was evenly distributed around the spiral, espe-
cially at the central area. The CPS could form ELM from 5
to 100 uL water droplets using a pipette. At the beginning
of ELM fabrication, CPS operates at a lower rotating speed
of 100 r/min. After the rough coating of the droplet, the
CPS accelerates to 250 r/min and steers the ELM around the

spiral wall for further powder coating and ELM distribution.
The ELLM was formed through dropping of the liquid onto
the centre of the spiral wall followed by centrifugal force-
driven circular motion with gradually increased radius, thus
allowing the coating, transportation and collection of the
ELM with a production rate of about 1.5+ 0.4 mL-min~".
From the optical microscopic images of ELM with different
focus layers, shown in Fig. S2, it is seen that the liquid can
be firmly coated by granules of carnauba wax and beeswax
mixture with sizes around 15.1+13.5 um. Compared with
the traditional manual dish rotating method, the CPS can
uniformly coat the liquid marble through mass production
with automatic operation [45]. Figure S3 presents the optical
images of water, ketchup, orange syrup and pectin ELMs,
where the macroscopic diameter of ELMs with different vol-
umes are selectively shown. As seen in the figure, the wax
powder was evenly distributed and conferred the ELM round
shape for minimized surface energy. Since the thickness of
wax coating has considerable impact on the liquid marble
at small liquid volumes, the wax percentage significantly
dropped with the increase in the liquid volume. The CPS
system could efficiently mass produce and distribute ELMs
with different droplet content and produce EHMs after air
injection.

The ELMs and ESHM produced by CPS could be applied
in the food industry and pharmaceutical industry according
to applications 1-3 (Fig. 3). Application 1 preliminarily real-
izes the wrapping of food liquid such as ketchup and orange
syrup. The autoformation of candy fabrication via dropping
raw material onto CPS and directly producing manipulat-
able orange syrup ELM could also be accomplished, thus
reducing biohazard during manual production. Application
2 utilizes the pectin as a plasticizer and the hydrogen binding
force between wax powder and pectin to fabricate the pec-
tin ESM. Furthermore, pectin is a natural drug-compatible
plasticizer and sustained releasing agent [46, 47]; therefore,
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Fig. 3 Illustration of the G Pipette
continuous production system contlnu?us
(CPS) and its function production
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pectin ESM can serve as a drug in tablet form for pectin-
compatible and water-soluble medicine. Application 3 fur-
ther utilizes the high viscosity property of the pectin solution
(Table S2) (pecin=06679 MPas, at 25 °C, p as dynamic vis-
cosity). The EHM and ESHM can be fabricated by injecting
air into pectin ELM. The ESHM possesses a hollow cham-
ber, which enables the utility of ESHM such as a capsule for
water-insoluble medicine or a supplement including fish oil.

Packing of food liquids as edible liquid marbles (ELMs)

ELM, a novel approach for packing food liquids, may serve
as an innovative material in the field of food processing,
production, transportation and consumption. The top view
images of the magnified spiral wall and droplet of water,
ketchup and orange syrup are shown in Fig. 4a. The ELM
volume was precisely controlled at 100 pyL, and the wax
particle was evenly coated around the ELM. Moreover,
as illustrated in Figs. 4b and S7, the diameter and height
of ELM increase with the liquid volume (water, ketchup,
orange syrup and pectin). A similar pattern can be found for
the superhydrophobic surfaces; however, with the varying
density of food liquid, the content of thicker liquid results
in higher diameter-to-height ratios [48]. In this study, how-
ever, the orange syrup ELM retained its free rolling ability,
indicating that when the volume ranged under 100 uL, the
viscosity had an insignificant effect on ELM stability.
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As a novel food additive packing method, the ketchup
ELM can replace conventional plastic packaging, thereby
reducing residual waste. As shown in Fig. 4c, the wax
powder was evenly coated around 100 pL of ketchup ELM
allowing its subsequent transportation and storage. For the
scenario of consumption, the ketchup was selected for fla-
vouring fries. The dipping process of fries was recreated as
shown in Fig. 4c. In the figure, the pancake shape represents
the maximum disintegration point indicating the maximum
increase in the surface area, thus causing shortage of supe-
rhydrophobic powder cover, defects and bare liquid regions
[49]. For the reason mentioned above, when the ketchup
ELM was pressed and reached the breaking point of pancake
shape, the successful dipping of fries was achieved (Movie
S1). On the other hand, in the novel ELM candy production
procedure, the orange syrup ELM could be directly placed
onto moulds from CPS production and produce candies after
heating (Fig. 4d). As indicated in Fig. 2b, the wax pow-
der formed a dense beeswax layer to prevent the penetra-
tion of water and water vapour prolonging the shelf life of
heated candies. Since beeswax and carnauba wax have been
traditionally applied as glazing agents of candies or rough
coating of crops [50, 51], any flavour changes of the ELM
candies could be disregarded. The further exploration of
ELM food applications presented in Figs. S8 and S9 indi-
cates the potential prospects of wax powder ELMs. Orange
syrup ELM could directly participate in food production
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Fig.4 Liquid marble charac-
terization and applications.

a Images of the ketchup and
orange syrup ELMs formation
process. b Diameter—height—
liquid volume relation of water
ELM. ¢ Dipping process of
ketchup ELM. d Illustration
and images of orange flavoured
candy production process
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procedures reducing human labour, potential biohazards
and flavour loss because the production procedure could be
significantly simplified, and enhanced stability of the food
against water and water vapour could be achieved [52].

Edible solid marble (ESM)

Pectin has been widely applied in the pharmaceutical indus-
try as a plasticizer and sustained releasing agent for drugs
[38]. The compatibility between pectin and beeswax was
also assessed, and pectin could form hydrogen bonds with
beeswax and carnauba wax through —OH groups binding
with wax ester groups (Figs. 5a and S1). Consequently, as
illustrated in Fig. 5b, the ESM could be fabricated through
further drying by applying pectin as a wrapping component
of ELM. As observed in Figs. S10-S12, the pectin ESM
shrank to a tablet shape when the volume of pectin ELM
reached 40 pL. Figure 5c illustrates that the pectin ESM can
temporarily float on water for approximately 4 h. During this
period, the water vapour gradually infiltrates the superhy-
drophobic coating as the surface bare region, exposing the
water-soluble pectin (Figs. 2 and 5d); therefore, breaking the
hydrogen bonds between coating and substrate allows direct
contact between the pectin and water surface. Furthermore,
pectin as a sustained releasing agent could release its content
for a further 6-h period, and the wax powder remained float-
ing at the water—air interface due to its superhydrophobicity

Dipping of potato fries Pancake shape of Ketchup
ELM (break point)

0 2‘0 4b 6‘0 8’0 160
Volume (pL)

(d) Orange syrup ELM

and superareophilicity. This phenomenon indicates the sus-
tained releasing potential of drugs formulated into ESM.

Water and water vapour accelerate the degradation of
solid pectin [53]; thus, the barrier property against water
and water vapour is essential in ESM. The heating process
of wax has been studied for coating stability and barrier
property enhancement [33]. Further heating of mixed wax
with components having different melting points (62—-64 °C
for beeswax and 82 °C for carnauba wax) beyond 55 °C
could allow for the wax powder coating with dense layer
and eliminate bare regions (Fig. 5d). The wax powder coat-
ing with dense beeswax layer could also maintain its supe-
rhydrophobicity and eliminate the infiltration of water and
water vapour (Fig. 5e). As shown in Fig. Se, water droplets
can maintain a spherical shape on the ESM, and the bottom
of ESM on water showed a silver mirror effect indicating the
presence of superhydrophobicity [33]. Moreover, the ESM
could float on the water surface for at least 7 days with no
apparent swelling and disintegration. This long-term floating
ability indicates the existence of dense beeswax layer and
barrier property against water and water vapour penetration,
as well as the floating ability of heated ESM with application
fields such as water transportation, antioxidant and intesti-
nal release of medicine. For example, amidated pectin has
been researched for the function of transdermal delivery of
chloroquine, which is an approved drug for malaria treat-
ment [54, 55].
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Fig.5 Binding mechanism
between wax and pectin, and
properties of ESM. a Schematic
diagram of hydrogen bond bind-
ing between wax particles and
dried pectin of ESM. b Images
of pectin ELM and dried ESM.
¢ Images of disintegration and
sustained release of unheated
ESM, and SEM image of ESM
tablet. d Optical microscopic
images of wax coating surface
of ELM and heated ESM. e
Top: images of heated pectin
ESM on water and 5 pL. water
droplet on pectin ESM; Bottom:
pectin ESM after 7 days of
water flotation

Fig.6 Characterization of
ESHM and the simulation and
analysis of ESHM formation.
a Fabrication process of EHM
using CPS. b Simulation and
illustration of EHM to ESHM
drying process with snapshot
images taken at 10 min intervals
(images with 5 mm scale bar).
¢ Optical images of the ESHM
and the on-water image and
split cross-sectional SEM
images of ESHM
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Edible hollow marble (EHM)

Selected volumes of EHM and ESHM can be produced
through air injection at the CPS fabrication stage (Figs. S7
and S8). The intermediate EHM product can be fabricated
following CPS production. As illustrated in Fig. 6a, the
EHM was fabricated through 100 pL pectin ELM with 50
pL air injection. The ESHM was further fabricated by drying
at room temperature for around 2 h.

The simulated and actual drying process and shape shift
are illustrated in Fig. 6b. The shape of marble resembles an
ellipsoid with a convex top, which is attributed to the fact
that air is less dense than pectin. To establish the reason of
the shape shift initiation and the cause of the final shape,
the simulation of marble morphology was conducted via
Surface Evolver [56]. Surface tension is considered as the
deciding factor, and the surface tension of pectin marble is
the same as that of pectin when stretched. The load-bearing
ability of a particle raft under the transverse compression
of a slender rod was described by Zuo et al. [57]. Accord-
ingly, through surface tension input, the surface tension of
pectin is y = 54.88 mN - m~!, and the upper surface ten-
sion of the bubble is 109.76 mN - m~! due to the double air/
pectin surface. The pectin and air density are 1.03 g - cm™
and 0.0013 g - cm™3, respectively. The simulated shapes
were created and shown in the top of Fig. 6b, whose cross-
sectional views are illustrated below. As depicted, there is a
bump on the top of the marble at the initial stage, which is
consistent with the experimental phenomenon.

First, the top section as the thinnest part of the marble
was dried, which became a solid dome. Meanwhile, the
pectin tended to shrink with the evaporation of inner water,
thus generating tensile stress. To obtain this stress value,
pectin droplets with a set volume were placed in the upper
dynamometer of a high-sensitivity microelectromechani-
cal balance system (Dataphysics DCAT11, Instruments
GmbH, Filderstadt, Germany) and a lower base forming
a liquid bridge (Fig. S13). The final force of the liquid
bridge was F;=1.70+0.24 mN with the narrowest diam-
eter D;=1.22+0.13 mm. Thus, the tensile stress of liquid
pectin can be generated as follows:

4F ¢ — 1y Dy

0, =4———.

T M
According to Fig. 6c, the pectin thickness around the

middle of the gourd-shaped bubble can be measured as

0=0.28 +0.14 mm. Subsequently, the equivalent surface

tension of the middle of bubble during evaporation is:

Y = 2y + 0,6 = 468.98 +279.54 mN - m~", 2)

Under the limitation of the top solid dome and the strong
equivalent tension in the middle, the ellipsoidal bubble at

the initial stage will eventually shrink to a gourd-shaped
bubble as shown in lower part of Fig. 6b. Both the shapes
of the liquid marble and the bubble are consistent with the
experimental results.

Furthermore, as illustrated in Fig. 6¢, the images of each
angle indicate that the wax powder remained evenly dis-
tributed around the gourd ESHM. After heating, the ESHM
could maintain flotation on water for at least 7 days without
coating loss (Fig. S14). The SEM image of ESHM cross sec-
tion indicated that the diameter of ESHM neck was around
2.5 mm. The mechanical stability test proved that the ESHM
tablet could maintain its gourd shape and surface coating
after simulated in-vial transportation (Fig. S15).

The ESHM with vacancy inside can carry oil- or solid-
phase content when compared with ESM. However, the
injection site is necessary for content filling. Fish oil as an
important nutritional supplement was selected as content
subject. As illustrated in Fig. S16, the heated ESHM main-
tained its integrity after fish oil injection and acted as water-
and airtight capsule for fish oil after hole repair. The ESHM
made the capsule enlarged content range of ESM from only
pectin-compatible and water-soluble subject to other phases
such as solid- or oil-phase subject. Moreover, the ESHM
packing process required fewer procedures such as moulding
and heat sealing, thus providing lower energy consumption
and automated production.

Digestion test of edible solid marble (ESM) and solid
hollow marble (ESHM) with temperature-dependent
selective releasing ability

The ESM and ESHM, as illustrated above, could serve
as drug or food supplements in the food or pharmaceuti-
cal industries. With the addition of mixed wax coating and
selective heat-induced vapour barrier property, they could
serve as selectively released drugs at the oral or intestine
levels. As illustrated in Fig. 7, a series of in vitro digestion
tests were conducted to mimic consumption. As the heated
ESM and ESHM possessed dense beeswax layers, in contrast
to unheated ESM and ESHM, the aqueous digestive solution
in Stage I and Stage II could not penetrate the wax coating
and dissolve the pectin shell. In digestion Stage III, however,
the fat-rich pancreatin mixture could gradually dissolve the
wax layer and lead to content release. In this case, as shown
in the images of digestion Stage III in Fig. 7, blue-dyed
ESM disappeared and red-dyed fish oil was released from
the ESHM capsule. The in vitro digestion tests indicated
that the tablet-shaped pectin ESM and heated ESM could
therefore be applied for pectin-compatible drugs and supple-
ment pills with separate functions: orally released (in vitro
digestion, Stage I) or intestine released (in vitro digestion,
Stage III) (Table 1) [58-61].
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Fig.7 Characterization of flota-
tion/releasing performance of
ESM and ESHM in mechanical Stage Digestion Stage I: | Digestion stage llI:
stability and in vitro digestion oval digestion | intestine digestion After
. 5 . with addition of bile o
tests (Stage I: oral diges- On with saliva - stability
tion with saliva addition and water addition and | pancreatin mixture test
PHgtage 1=6.8; Stage II: stomach Type PHgtage = 6.8 and pHgypce =7
digestion with simulated
gastric fluid and pHgg,ee r=1.2; BT = &
Stage III: intestinal digestion v
with addition of bile extract
and pancreatin mixture and ESM Deformied N/A
PHstage m="7)- Stage II condi-
tions of headed samples were
similar to stage I. On-water/ Defo Deformed
digestive solution optical =
images of edible solid marble \
(ESM) and solid hollow marble \
(ESHM) after mechanical sta- ESHM . N/A
bility and in vitro digestion tests
3min55°C| e Delormec
heating l
Heated Shown in Similar to & LR As shown in
ESM Figure 5e Figure 5e Figure 512
Heated Shown in Similar to o . As shown in
ESHM Figure 5¢ Figure 5¢ Figure S12

Table 1 Mechanical stability and in vitro digestion tests of edible solid marble (ESM) and solid hollow marble (ESHM)

Type On water Digestion Stage I Digestion Stage II Digestion Stage III Possible applications Mechanical stability®

ESM Deforms after 4 h  Deforms N/A N/A Orally released pectin-  Deforms after 4 h
compatible drug/sup-
plement or foods

ESM (heated)  Floats Floats Floats Deforms Intestine-released Floats
pectin-compatible
drug/supplement

ESHM Deforms after 4 h  Deforms N/A N/A Orally released drug/ Deforms after 4 h
supplement (oil phase)

ESHM (heated) Floats Floats Floats Deforms Intestine-released drug/  Floats

supplement (oil phase)

“In-vial shaking followed by on-water flotation observation
Deformation indicates the releasing stages of the ESM and ESHM

A mechanical stability test was conducted by in-vial shak-
ing to mimic packaging and transportation of drug and sup-
plement. The mechanical stability test indicated that ESM
tablet and ESHM capsule could maintain their sustained
release properties after simulation of in-vial transportation
(Fig. 7). As shown in Fig. S15, the coating of heated ESM

@ Springer

and ESHM remained intact. Therefore, the mechanical sta-
bility test indicated that the heated ESM tablet and ESHM
capsule could maintain their water and water vapour bar-
rier property after in-vial transportation simulation (Figs. 7
and S15). The performance of heated and unheated ESM
and ESHM in the mechanical stability test indicated the
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practicality of drug and capsule applications of ESM and
ESHM. Both the coating and capsule of heated and unheated
ESM and ESHM remained intact. Therefore, the heated and
unheated ESM and ESHM are considered realistic drug or
supplement carriers.

Conclusions

From the aspect of utility of carnauba wax and beeswax [31,
33, 35, 41], this work has demonstrated a new approach for
the application of superhydrophobic wax as an independent
powder form to substitute wax-in-ethanol emulsion spray-
ing. Moreover, the powdered wax further broadens the cur-
rent field of research on liquid marbles [4, 8, 12, 16] to that
on the food and pharmaceutical industries. In summary, the
bioinspired edible liquid marbles and their transition phases,
including ESM and ESHM, were mass fabricated through
the CPS system. Through the simple heating of wax pow-
der, the heated ESM and ESHM acquired further stability
against water and water vapour when compared to previous
studies [33], and the ESM and ESHM showed their mer-
its on simple and large-scale production, miniature design
and stability against physical impacts. The ELM could pack
food liquids and serve as a novel packing and transporta-
tion tool for candy beverage making, flavourings and other
food additives, leaving no residue and decreasing the bio-
contamination hazard. The ESM could serve as a tablet for
pectin-compactable and water-soluble drug or food supple-
ment with the ability of sustained, selective and temperature-
dependent release. In addition, this study first investigated
the phase transition of ELM by finite element modelling,
providing further reproduction or modification potentials
[7, 20]. The ESHM could function as a selective releasing
capsule for oil- or solid-phase drug or food supplement. The
CPS production system provided a feasible automated mass
production of food packing and carrier for water, oil- and
solid-phase drug or supplements. Bioinspired edible liquid
marbles therefore have the potential to broaden the field of
liquid marble research and be applied in the food or pharma-
ceutical industries due to their phase transformation charac-
teristics. Moreover, they show research potential in the field
of sustained and designated release of medicines or supple-
ments on a clinical level. The phase transition of LM should
be explored in further studies, as the solid-phase marble may
possess the properties of currently researched LM and hold
its integrity. The form of wax powder as a superhydrophobic
interfacial surfactant could also be explored for other materi-
als. For instance, it could replace traditional wax-in-ethanol
emulsion spraying in the field of anti-adhesion superhydro-
phobic modification of hydrophilic surfaces, such as glass
and plastics.
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