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ABSTRACT
The packaging of various material goods is a necessary element in numerous sectors, ranging from the food and pharmaceutical

industry to biotechnology and medicine to space missions. Packaging has a multifaceted complexity inherently linked to both the

properties of thematerials involved and the requirements of the intended application. This level of complexity calls for the development

of smart materials engineering solutions, necessitating crossing the boundaries between various science disciplines. Despite this, dis-

cussions of packaging often remain fragmented by industrial sector and rarely treat it as a materials science and interfacial engineering

problem. Here, we introduce a unified framework that decomposes any packaging system into the payload, packaging material, and

packaging strategy, and combines them into a conceptual packaging equation: packaging strategy= payload + packaging material. We

focus on payloads with sizes (volumes) ranging from approximately 100 μm (~pL) to 1 cm (~mL) and review relevant packaging

strategies developed. To offer a systematic analysis, we categorize packaging strategies by the phase of the payload, and provide illus-

trative examples involving liquids, gases, solids, andmixed-phase payloads. Moreover, we discuss strategies based on their functionality

(neutral, multifunctional, responsive) and packaging application location (in situ vs. ex situ). Our analysis is largely from the perspective

of soft matter and interface science. Besides forming the basis of many of the examples discussed, these fields offer exciting oppor-

tunities for future research on packaging, both from a materials standpoint and a conceptual perspective. This includes the develop-

ment necessary for smart packaging strategies that combine multifunctionality with responsiveness, as well as addressing traditional

(e.g., cost-efficiency, scaling up) and emerging (e.g., sustainability, end-of-life) challenges. We intend to stimulate creativity and encour-

age interdisciplinary collaboration by inviting researchers and engineers from diverse fields to contribute novel ideas for addressing a

truly complex yet highly fascinating problem.

1 | Introduction

1.1 | Packaging of Various Materials Across
Diverse Scales and Industries: Familiar Examples

Most material goods are not consumed where they are produced;
instead, they require packaging for handling, transportation, and
storage under diverse mechanical, chemical, and regulatory con-
straints [1]. Let us consider milk as an example of a food product
in liquid form: It is collected directly from animals at the source

and undergoes packaging for transportation to processing plants
in large containers (volume on the order of ~m3) and subse-
quently smaller consumer-friendly sizes (~1 L, Figure 1i) [3–5].
At smaller volume scales, around a few milliliters, creamers of
condensed milk wrapped in aluminum packages are used [6].
Gelatin capsules containing supplements like omega-3 oil
(Figure 1ii) are another everyday example from the food industry,
based on liquid packaging at even smaller volumes, on the order
of microliters. Pharmaceuticals also rely on packaging,
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specifically of active substances, across multiple volume scales.
Systems for oral drug administration, such as gelatin capsules
containing ibuprofen, are about several microliters in volume
[7]. Nanocapsules further reduce the characteristic volume scale,
enclosing active ingredients in volumes as tiny as 50 femtoliters
[8, 9]. Although we cannot see packages in the nanoscale, we are
familiar with products containing them, such as liposome-based
cosmetic creams (Figure 1iii).

Gaseous payloads typically require robust containment because of
the increased mobility of molecules in the gas phase, often com-
bined with the high pressure used for storage. Packaging large
gas volumes (~kL and beyond) securely is vital for safe transport
and utilization across various industries, including food packaging,
healthcare, and space missions, where leakage control and main-
taining purity are paramount. More familiar examples range from
helium-filled balloons (typically ~L) used for decoration (Figure 1iv)
to air-filled soap bubbles (typically mL-L) used for entertainment,
sparking the interest of kids and curious adults alike [10]. The con-
struction industry uses packaged air for insulation purposes, a
familiar example being extruded poly(styrene) foam (~hundreds
of μm, ~pL, Figure 1v). Some medical procedures rely on micro-
scopic gas packages; for instance, microbubbles containing, e.g.,
air, nitrogen, or perfluorocarbons (~fL), are employed in ultrasound
imaging (Figure 1vi) [2, 11].

Numerous industries are directly concerned with the packaging
of solid goods. The construction industry handles material

volumes of thousands of cubic meters, whereas the pharmaceu-
tical sector utilizes precise encapsulation of active ingredients
ranging from milliliters to microliters and even picoliters
[12, 13]. The food industry also extensively packs solid products,
with solutions available for various volumes, from large poly(eth-
ylene) containers (~dL to kL) for bulk to smaller individual wrap-
pers (~L to tens of mL) [14]. Examples of packaging solid food
products include fruits (Figure 1vii) and vegetables (~L), or more
expensive ingredients like spices (Figure 1, viii) and food addi-
tives (~ μL to mL) [15]. Besides food, other commonly used prod-
ucts rely on packaging solid materials at the microscale, such as
toners used in laser printers that often comprise polymer
microbeads (~pL) enclosing pigments and additives (Figure 1ix).

Clearly, packaging is a key prerequisite for the numerous applica-
tions developed by the diverse industries mentioned above, and
many others, such as cosmetics, biotechnology, and nanotechnol-
ogy [1, 13, 14, 16–21]. Essentially, the nature of a given application
dictates the requirements of the packaging strategy. A key require-
ment is that packaging accommodates the volume of material to
be contained, which, as illustrated above, may span an impressive
breadth, from at least megaliters down to femtoliters [22]. Other
common requirements are that the packaging material primarily
preserves the sample and prolongs its life without interfering with
the physical and chemical characteristics of the packaged prod-
ucts. Additionally, it is often desirable that the packaging material
is biodegradable, acts as an O2 scavenger, inhibits volatile gases

FIGURE 1 | The diversity and complexity of packaging are illustrated by familiar examples of packaging liquids (i–iii), gases (iv–vi), and solids

(vii–ix). (i) Milk packaged in a glass bottle sealed with a metal cap. (ii) Gelatin capsules containing omega-3 fatty acids. (iii) A cosmetic cream based

on liposomes, used for packaging active ingredients at the nanoscale. (iv) Balloons comprising He packaged by a metal-coated poly(ethylene terephthal-

ate) film. (v) Extruded poly(styrene) foam features uniform cells containing air. (vi) Gas-filled microbubbles packaged with nanomaterials (lipids, pro-

teins, polymers) enhance the contrast in ultrasound imaging; see image of the left ventricle of a healthy heart, reproduced with permission [2]. Copyright

2003, Wiley. (vii) Fruits as a representative example of packaged macroscopic solids in the food industry; the packaging materials are often poly(pro-

pylene) and low-density poly(ethylene), for the basket and wrapping foil, respectively. (viii) Spices are packaged in small volumes using polymer bags

(typically poly(ethylene terephthalate) or high-density poly(ethylene)). (ix) Toners comprise pigments enclosed within polymer microparticles.
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and radiation, controls the permeation of water vapor, controls
drug release, and has antimicrobial properties [9, 21, 23].
Generally, it is also advantageous to have transparent packaging
material that allows visual inspection of the content [24, 25]. More
elaborate requirements arise from advanced applications; for
instance, the packaging material may also serve as a sensor to
monitor the quality of the packaged products and showcase their
status to consumers in a readily accessible manner [26]. Before
developing a desired packaging solution, these requirements must
be thoroughly analyzed and well understood.

1.2 | Key Concepts and Terminology Used in This
Article

The extensive scope of packaging research has motivated scientists
and engineers from various disciplines to develop various packaging
strategies. This has led to a wide range of concepts and terms being
used, which can be difficult for both newcomers and experienced
researchers to navigate. To describe examples of packaging concepts
from various disciplines within a unified and straightforward frame-
work, we introduce below the basic terminology used throughout
this article. For each term used here, we also list various terms used
by other authors, which we consider identical or similar in content.
Our purpose is to present a pedagogical approach to discussing var-
ious packaging strategies described in the literature.

1.2.1 | Payload

Definition: Any material intended to be packaged, irrespective of
its physical state (solid, liquid, gas, or any combination of these)
or volume/mass (microscopic to macroscopic range).

Synonyms: Terms such as “cargo,” “core material,” “encapsulated
material,” and “encapsulate” have been commonly used in the
literature [26].

Characteristics: Payloads may include pharmaceutical ingre-
dients (molecular scale), living cells (microscopic scale), or prod-
ucts like beverages and fresh produce (macroscopic scale)
[13, 27–29].

1.2.2 | Packaging Material

Definition: A material of any physical form (solid, fluid, or com-
bination of these) used to contain or protect the payload from
external conditions.

Synonyms: Alternative terms are “encapsulant,” “wrapper,”
“shell,” or “membrane”, [30].

Characteristics: Packaging materials may consist of building
blocks with various characteristic length scales. At the molecular
scale, surfactants are used to package air, yielding soap bubbles.
To increase longevity or size, polymers like guar gum are intro-
duced, forming multiscale packaging materials comprising both
molecular and macromolecular building blocks [10]. Packaging
materials comprising other mesoscopic building blocks are exem-
plified by liquid marbles, where nanoparticles or microparticles
stabilize liquid drops, typically at microliter volumes [31]. On an
even larger scale, granular materials such as dry sand (compris-
ing particles with diameters of several hundred μm) have been
employed to encapsulate oil drops [32].

1.2.3 | Packaging Strategy

Definition: Packaging strategy here refers explicitly to the
method, concept, or system used to primarily isolate the payload
from its environment.

Synonyms: Commonly used terms include “encapsulation sys-
tem” or simply “encapsulation" [33]; we use “packaging concept”
and “packaging approach” as synonyms.

Characteristics: The packaging strategy is dependent on the
intended application and the extent of interaction between the
payload and its surroundings. For instance, scenarios involving
reactive or sensitive payloads require complete sealing to prevent
unwanted chemical alterations. An illustrative example is phar-
maceutical products, where protection from moisture or oxygen
is essential to maintain drug stability and efficacy [13, 34].
Conversely, certain applications demand controlled interaction
with the environment, requiring semipermeable packaging.
For example, also in a pharmaceutical context, the controlled
release or targeted delivery of active ingredients are key elements
in packaging strategies aiming at specific therapeutic effects
[34]. In materials self-assembly, a notable example is the encap-
sulation of hydroxypropylcellulose solutions in liquid marbles,
where controlled water extraction induces the formation of struc-
turally colored liquid crystalline phases [35].

1.2.4 | The “Packaging Equation”

When designing a packaging strategy, the key characteristics
of both the payload and packaging material must be considered,
along with the interactions between them that dictate compatibil-
ity. At the same time, the desired characteristics of the packaging
strategy (e.g., functionality, method, location of application)
should be carefully considered. To provide a graphical illustration
of the packaging strategy, which encompasses the above key terms
and their inter-relation, we introduce the “packaging equation”
(Figure 2). This is a conceptual representation of packaging as
the sum of the payload and the packaging material.

1.2.5 | Packaging Versus Encapsulation

“Encapsulation” and “packaging” have both been used to indi-
cate the isolation of the payload. Nevertheless, they often refer
to distinct cases in terms of payload volume, as well as the struc-
ture and function of the packaging material. Encapsulation typi-
cally refers to micro- or nanoscale systems, often integrating
advanced functionalities like controlled release, stability
enhancement, or targeted delivery [33]. Examples include lipo-
somes for drug delivery, microcapsules releasing fragrances, or
gas microbubbles improving ultrasound imaging. In contrast,
packaging generally pertains to macroscale containment, empha-
sizing protection, transportability, and practicality, often through
multilayered systems like cartons protecting contents from
mechanical stress, moisture, oxygen, and light [36]. For simplic-
ity, we consider the two terms equivalent and use “packaging” for
all cases of payload containment discussed.

1.3 | Types of Packaging Strategies Used for
Payloads in Science and Engineering

This article focuses on packaging concepts explored in research
and development activities. Hence, we primarily discuss research
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conducted on a laboratory scale. Maintaining this focus, we
describe in this section different categorizations of packaging sol-
utions that can be made.

1.3.1 | Neutral, Multifunctional, and Responsive
Packaging

Considering the functionality of a packaging strategy, we may
identify three categories: neutral, multifunctional, and respon-
sive packaging. Neutral packaging refers to the simplest form
of containment, where the sole purpose is to physically isolate
the payload from its environment. This provides basic payload
protection without necessarily adding any extra functionality.
An example is cellulose capsules for pharmaceuticals, where cel-
lulose chains form a gel that physically isolates the active ingre-
dients from the environment [13].

Multifunctional packaging goes beyond simple isolation by
providing at least one additional functionality, e.g., controlled
permeability, improved handling, transparency, or mechanical
robustness. For instance, edible lipids enclosing liquids not only
isolate the payload but also enhance visual aesthetics and facili-
tate controlled consumption [34, 37]. Similarly, “dry water,”
encapsulated by silica nanoparticles, converts liquid water into
a powder-like form, enhancing handling and transport conve-
nience without chemically altering the cargo [38].

Responsive packaging strategies incorporate responsive behavior
to internal (payload-related) or external (environment-related)
stimuli. An illustrative example is liquid marbles containing
structurally colored liquid crystals that respond dynamically to
thermal, mechanical, or chemical stimuli [35] (responsive pay-
load). Similarly, gas marbles stabilized by pH-responsive micro-
particles enable controlled gas release, responding to pH changes
[39] (responsive packaging material). When multiple functional-
ities are combined with responsiveness, one can envision the
emergence of smart packaging, which represents the highest
level of complexity and usability. This is a future direction we
find very promising, discussed in Section 6.

1.3.2 | In-Situ and Ex-Situ Packaging

Packaging strategies may also be categorized based on the location
of the packaging material with respect to the original location of
the payload. In in-situ packaging, encapsulation occurs at the loca-
tion where the payload is formed or used. Conversely, ex-situ pack-
aging requires the payload to be transported to a separate location
for encapsulation. An example of in-situ encapsulation is the

WRAPPINGS method, where liquid payloads are enclosed in thin
poly(cyanoacrylate) films directly on-site via interfacial polymeri-
zation [24]. Other examples include graphene veils or polymer
coatings grown directly on the payload surface, enabling precise,
contamination-free packaging [40, 41]. Common ex-situ packag-
ing platforms include liquid marbles, where liquid drops are typi-
cally placed onto powder beds to form packaged entities [31].
Another prominent example is “splash wrapping,” where liquid
droplets fall onto polymer films to create packaged entities, involv-
ing transportation before encapsulation [42].

1.4 | Goal, Focus, and Structure of This Article

Packaging is a research and development theme at the heart of
several industries, where applied disciplines like biotechnology,
food science, pharmaceutical technology, and others cross paths
with traditional disciplines dealing with materials, such as chem-
istry, physics, materials science, and engineering. This blending
of interests, expectations, ways of thinking, and technical
approaches makes the packaging challenge a particularly inter-
esting one. At the same time, it may be intimidating, especially
for newcomers who are exposed to a large variety of terms and
concepts. The primary goal of this paper is to guide and inspire
the reader, regardless of their background, so that informed deci-
sions can be taken when a packaging strategy is considered. We
aim to serve both newcomers and seasoned researchers by pro-
viding an analytical breakdown of the packaging system, using a
universal language, and selecting examples that illustrate this
purpose. This will enable the constructive combination of diverse
expertise and mindsets to develop innovative packaging
strategies.

This review focuses primarily on macroscopic (characteristic
length >100 μm, characteristic volume >1 pL), self-standing
packaging solutions. While occasionally referring to smaller
scales for context, our main intent is to clearly present, analyze,
and unify the diverse yet crucial topic of macroscopic packaging
[9]. Thus, we selectively discuss representative literature in-
depth, aiming to provide a comprehensive, pedagogical, and
standalone overview (Table 1). Emphasis is given to packaging
materials based on soft matter, because we believe that soft mate-
rials are ideal for meeting the demanding requirements of pack-
aging. Our own experience has shown us that it is currently
possible to precisely engineer their properties and thus tailor
their macroscopic behavior [69, 70]. This, in conjunction with
their tendency to respond to small perturbations with a large

FIGURE 2 | Schematic of the “packaging equation,” where packaging is the sum of the payload and the packaging material. Under the bubbles

enclosing the equation terms, frequently used synonyms are included to provide a universal picture of packaging regardless of the specific terminology

used. A few keywords are given within each bubble to provide a glimpse of the varying characteristics of the packaging strategy (e.g., functionality,

location of application), the payload (e.g., physical state, composition), and the packaging material (e.g., type and length scale of building blocks).
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response function [35], may be exploited to develop packaging
materials highly responsive to both internal (payload-originated)
and external stimuli. This capability may be further extended to
incorporate smart features, such as unsupervised yet appropriate
response to changes in their environment [71, 72]. While these
elaborate features are key for research and development settings,
the fact that many soft materials are abundant, cost-effective, sus-
tainable, and recyclable makes them promising candidates for
scaling up.

This review is structured as follows: After this introduction of
fundamental concepts and terminology, we categorize packaging
strategies according to the physical state of the payload. Based on
this, we analyze the packaging of liquid (Section 2), gaseous
(Section 3), solid (Section 4), and multiple (Section 5) payloads.
Each category is supported by illustrative examples chosen for
clarity, relevance, and practical applicability. In Section 6, mul-
tifunctional and responsive packaging strategies are discussed. In
Section 7, we highlight recent innovations, current limitations,
and prospective future directions, before conclusions (Section 8).

2 | Packaging of Liquid Payloads

Numerous strategies have been developed for packaging liquids,
usually aiming to [56] (i) shield the payload from thermal, pH,
and oxidative stresses; (ii) mask odors; (iii) prevent chemical
reactions with the environment; (iv) enable controlled payload
release; and (v) convert liquids into solid-like forms for easier
handling [38]. Some selected strategies are discussed below.

2.1 | Particles as Packaging Material

The following discussion focuses on self-standing liquid entities
that are packaged using particles of various sizes, from nanopar-
ticles to granular materials. Other cases of particle-based liquid
packaging within a liquid environment (e.g., bicontinuous, inter-
facially jammed colloidal emulsion gels [73]), although interest-
ing and useful, are not discussed here.

2.1.1 | Liquid Marbles

A prominent platform for encapsulating macroscopic liquid vol-
umes, which has received vivid interest over the last 25 years, is
liquid marbles (Figure 3A). These are sessile drops coated by par-
ticles exhibiting poor wettability with respect to the enclosed liq-
uid [31]. The large contact angle at the particle–liquid–gas
contact line implies partial immersion of the particle in the liq-
uid, with the remainder exposed to the surrounding phase. This
particle shell prevents direct contact between the enclosed liquid
and a substrate (typically, but not limited to, a solid); conse-
quently, the enclosed liquid can be transported without wetting
the substrate. Besides non-wetting behavior, liquid marbles
exhibit other unusual properties, such as resistance to mechani-
cal shocks during impact and extremely low friction when rolling
on solid surfaces [75].

Much of the “exotic” behavior of liquid marbles is due to the
strong attachment of particles at the fluid interface. The particle
size and structural features of the interfacial particle assemblies
(the packaging material) are critical because they directly affect
the macroscopic properties of liquid marbles, such as mechanical

stability [76] and optical transparency [77]. The adsorption
energy of a particle with radius a at the fluid interface is
Eads = πa2γ 1± cos θð Þ2, where kB, T, and γ are Boltzmann’s con-
stant, temperature, and interfacial tension, respectively [78]. For
a particle of diameter 100 nm forming a contact angle θ= 90° at
the air-water interface, Eads ~ 10

5 kBT. The resulting stability is
further enhanced by additional particle layers that usually adhere
onto the monolayer coating the drop. A wide variety of particles
have been used to prepare liquid marbles [79]. These include
nanoparticles, such as fumed silica (200–500 nm long aggregate
chains of primary particles) [77] and magnetic Fe3O4 nanopar-
ticles (diameter ~ 10 nm) [80], as well as microparticles, either
from natural resources like lycopodium (~20 μm) [31] or
synthetic like graphite (2–30 μm) [81] and poly(styrene) (15–
100 μm) [76].

Particle surface chemistry is also of key importance because it
defines what kind of liquid payloads can be enclosed. Liquid sur-
face tension directly influences Eads and thus liquid marble sta-
bility. Numerous simple and complex liquids of varying γ, both
aqueous and non-aqueous, have been enclosed within liquid
marbles to produce self-standing packages [79, 82]. Early papers
reported on water and water/glycerol liquid marbles [75]. Other
payloads include vegetable oils (Figure 3A, i) and organic sol-
vents (encapsulated by perfluorooctanoic acid-modified TiO2

nanoparticles, ~470 nm) [43], ionic liquids (enclosed by oligo-
meric (< 1 μm) or polymerized (up to 35 μm) tetrafluoroethylene
[74] (Figure 3A,ii), and complex fluids like concentrated polymer
solutions [35] and aqueous phases containing cancer cells [83].
Less common payloads like liquid metals have also been pack-
aged using WO3 nanoparticles (size ~ 80 nm) [44] (Figure 3A,iii).

The basic function of a liquid marble is to separate the core liquid
from the surrounding environment. Beyond neutral packaging,
liquid marbles have been used as packaging platforms featuring
additional functionalities. Their non-wetting transport, com-
bined with being external field-addressable (e.g., magnetic,opti-
cal, electric) [80, 84–95] has led to applications in microfluidics
[96, 97] and materials science [98], while a plethora of green
applications has emerged [99]. A remarkable example is liquid
marbles stabilized by magnetic Fe3O4 nanoparticles as miniature
reactors for various reactions (e.g., chemiluminescence, acid–
base, nanoparticle synthesis), either via the coalescence of two
reactant-laden liquid marbles or within a single marble. These
systems can also integrate purification and analysis: by opening
the liquid marble with a magnetic field, the product can be
retrieved for spectroscopic characterization [85]. Liquid marbles
have also been exploited for making functional materials from
microscopic building blocks in a non-chemical, bottom-up fash-
ion. Gu et al. fabricated marbles containing monodisperse SiO2

nanoparticles and a photosensitive polymer precursor, coated
with trimethylolpropane triacrylate microparticles. Exposing
the core liquid to UV light and subsequent ultrasonication
resulted in spheres with non-iridescent structural color, arising
from colloidal crystallization [100]. Another example of exploit-
ing the packaging material properties was shown by Tian et al.,
who utilized liquid marbles as respirable bioreactors for prepar-
ing cell cultures. The anaerobic Lactococcus lactis subsp.
Cremoris and the aerobic Saccharomyces cerevisiae microorgan-
isms were incubated in liquid marbles stabilized with poly(tetra-
fluoroethylene) microparticles (100 μm) (Figure 3A,iv-v).
Compared with the bulk liquid structure under identical
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conditions, the marble environment provided a faster and slower
proliferation rate for the aerobic and anaerobic microorganisms,
respectively, attributed to O2 and CO2 transport through the
coating [45].

2.1.2 | Liquid Plasticines and Dry Water

Li et al. fabricated “liquid plasticines,” macroscopic materials
the shape of which can be designed at will. To produce a liquid
plasticine, a drop is pressed against two plates coated with a

FIGURE 3 | Packaging of liquid payloads. Each panel shows various packaging materials comprised of particles, polymers, immiscible liquids,

metals, and hybrids. (A) Liquid marbles enclosing (i) rapeseed oil using TiO2 nanoparticles. Adapted with permission [43]. Copyright 2011, Taylor

and Francis. (ii) the ionic liquid 1-ethyl-3-methylimidazolium tetrafluoroborate using oligomeric tetrafluoroethylene particles. Adapted with permis-

sion [74]. Copyright 2007, American Chemical Society. (iii) the liquid metal Galinstan using WO3 nanoparticles. Adapted with permission [44].

Copyright 2012, Wiley, (iv-v) cultures (20 μl) of L. cremoris (iv) and S. cerevisiae (v) using poly(tetrafluoroethylene) microparticles. Adapted with per-

mission [45]. Copyright 2013, Elsevier. (B) Polyhedral liquid marbles representing complex-shaped water packages, where the packaging material com-

prises macroscopic poly(ethylene terephthalate) plates. Scale bars are 5 mm and 0.5 mm, respectively. Adapted with permission [47]. Copyright 2019,

Wiley. (C) “Dry water,” a powder-like material allowing for easy handling of tiny water packages, e.g., passing through a funnel (viii). These water

packages comprise droplets coated with fumed silica nanoparticles dispersed in air (ix). Scale bars are 1 cm and 200 μm, respectively. Adapted with

permission [38]. Copyright 2006, Springer Nature. (D) The destabilization of a sand particle raft sitting on a motor oil layer on seawater leads to motor oil

packages enclosed by the granular particles (x), which sink onto the bottom of the water column (inset). Adapted with permission [32]. Copyright 2013,

Springer Nature. (E) Packaging of a thiol-(meth)acrylate-epoxy drop with a polymer film by atmospheric pressure plasma polymerization. Confocal

micrograph (xi) and corresponding topography (xii) of the film. Adapted with permission [49]. Copyright 2020, Wiley. (F) Packaging of sessile (xiii) or

pendant water drops (xiv) with a self-assembled film formed by spreading poly(lactic-co-glycolic acid)/dimethyl carbonate solution onto the liquid

payloads. Adapted under the terms of the CC BY license [51]. Copyright 2019, American Association for the Advancement of Science. (G) A fluorocarbon

oil drop landing onto a poly(styrene) film floating on water (xv) is enclosed by the film upon impact (xvi). A water drop packaged with this splash

wrapping method in hexadecane (xvii); this package could even be extracted into air (xviii). The scale bars are 0.5 mm. Adapted with permission [42].

Copyright 2018, Springer Nature. (H) Packaging of an oil drop by a layer of an immiscible oil. Time-lapse images showing the entry of a laser oil drop into

an aqueous bath, after passing through a canola oil layer on the free surface of water. Scale bars are 4mm. Adapted with permission [59]. Copyright 2020,

Elsevier. (I) Liquid packaging using multi-functional microcontainers from self-organized 2D metallic templates (xx). Isotropic (xxi) and anisotropic

(xxii) release of an enclosed dye in the surrounding liquid, achieved by engineering container porosity. A spatially controlled chemical reaction across a

G-shaped trajectory enabled by incorporating magnetic functionality into the container (xxiii). Adapted with permission [58]. Copyright 2006, American

Chemical Society. (J) Liquid packaging with a hybrid particle-polymer packaging material. A compound liquid marble comprising monomer/initiator

mixture and a water droplet, coated with silicon monolith, yields a solid capsule enclosing the aqueous payload (xxiv: side view, xxv: cross-section). xxvi).

The capsules sink in water (bottom) after removing excess coating powder (top). Scale bars are 1 mm. Adapted with permission [56]. Copyright 2018,

Elsevier.
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200–300 nm thick layer of xerogel of hydrophobic silica nanopar-
ticles (diameter ~ 20 nm). The weak interparticle interactions in
the xerogel allow particle transfer onto the liquid surface, yield-
ing a flattened drop. After removing the compressive force, inter-
facial jamming prevents shape recovery and arrests the drop
shape, yielding a stable, elongated drop in air. By joining nano-
particle-decorated drops together and adding more water into the
merged structure, a liquid plasticine is formed. Notably, there is
no limit to the final volume of the liquid plasticine, because the
procedure can be repeated many times. Liquid plasticines with
designable shapes and high optical transparency have been dem-
onstrated. These multifunctional packages may find use as liquid
lenses or channel-like containers for (bio)chemical manipula-
tions [46].

Geyer et al. used mm-sized, hexagonal poly(ethylene terephthal-
ate) plates (thickness 40–55 μm) to fabricate polyhedral liquid
marbles (Figure 3B). Upon contact with a drop, plates spontane-
ously adsorb at the air–water interface and assemble into a 2D
structure, packaging the payload. The structural characteristics
are defined by the ratio of plate to drop diameter. For drops with
diameters significantly larger than the plate size (drop
volume ~ 60 μL), the relatively small curvature of the drop free
surface allows plates to fully attach onto the interface, resulting
in spherical liquid marbles with hexagonally packed domains.
For drop diameters comparable to the plate size (≤ 30 μL) and
for large plates, the high curvature forces the plates tangent to
the free surface, partially protruding out of the fluid interface.
Further volume reduction (~15 μL) resulted in marbles with dif-
ferent shapes, such as tetrahedra, pentahedra, and cubes. High-γ,
non-aqueous liquids like glycerol and diiodomethane were also
enclosed in polyhedral liquid marbles. Interestingly, spherocylin-
drical marbles with a large aspect ratio (>are10) could be made
by either merging polyhedral marbles, removing liquid, or adding
excess plates on a given marble and deforming it (Figure 3B,vi).
Inhomogeneous mechanical stresses were used to make
dumbbell- and letter-shaped liquid marbles. This plastic behavior
was attributed to the steric jamming of the plates at the interface
(Figure 3B,vii). Due to their macroscopic size, PET plates feature
adsorption energies more than three orders of magnitude higher
than those for marbles stabilized with microparticles, providing a
strong packaging material. Polyhedral liquid marbles show
potential as sensors, because they respond to chemical stimuli
(e.g., exposure to ammonia or tetrahydrofuran) [47].

Binks and Murakami showed the phase inversion of particle-
stabilized air-water systems, from air-in-water foams, to water-
in-air systems, and vice versa. This was achieved either by pro-
gressively decreasing the wettability of particles (silanized fumed
silica nanoparticles) at a fixed air/water ratio or by varying the
air/water ratio at fixed particle wettability. Starting from a stable
air-in-water foam (near the phase inversion boundary) and fol-
lowing the first route, the authors produced “dry water.” This is a
water-in-air system that, macroscopically, is powder-like and
free-flowing (Figure 3C,viii). Microscopically, it contains numer-
ous nanoparticle-coated water droplets (diameters 50–400 μm);
most of them are nonspherical because the jammed particle layer
at their surface prevents relaxation (Figure 3C,ix). Whereas no
water separation occurred when this powder was kept in a closed
vessel, water was released by applying shear (e.g., by rubbing the
material between the fingers). Following the second route, from a
stable air-in-water foam (close to the inversion boundary), a

“soufflé-like"material, also comprising nanoparticle-stabilized
droplets in air, formed for a range of water volume fractions.
Compared with dry water, the constituent macroscopic particles
are more aggregated and stickier, with the material showing a
spongy nature. Both dry water and soufflé-like materials are mac-
roscopic materials with fascinating properties that represent
novel ways of packaging and releasing aqueous liquids [38].

2.1.3 | Drop Packaging with Particles Residing at a
Fluid Interface

Abkarian et al. developed a packaging method relying on granu-
lar matter to isolate and transport organic liquids. In this process,
a layer of oil (e.g., silicone or mineral oil) was deposited on water
(denser than the oil), and large particles (e.g., ZrO2, diameters
350–700 μm) were sprinkled onto the oil. Long-range capillary
attractions between particles yielded a monolayer particle raft
at the oil–water interface. When the particle number was suffi-
cient, the monolayer became unstable: as the raft sank to the bot-
tom of the aqueous phase, it wrapped itself around a volume of
the oil phase, enclosing it. The significant weight of the particle
armor is critical, as opposed to liquid marbles [31] and colloidal
armored droplets [101], where the weight of coating particles is
negligible. Two types of packaging scenarios were observed,
depending on particle size and density. The first one was a single
droplet enclosed by particles, whereas the second one was a
particle-laden liquid jet destabilized by a Rayleigh-Plateau-like
instability, producing several encapsulated droplets. The typical
droplet diameters were on the order of millimeters. This method
was tested as a sustainable, non-chemical strategy for containing
oil spills. Dry sand was placed on a motor oil layer floating on
seawater that, upon raft destabilization, resulted in particle-
decorated motor oil droplets that sedimented and remained
intact within the aqueous phase (Figure 3D, x) [32].

2.2 | Polymers as Packaging Material

Polymers enable conformal coatings with tunable thickness, per-
meability, and optical properties. They may be formed directly at
the payload surface via polymerization or used as pre-made films
to produce durable, self-supporting liquid containers, as we dis-
cuss below.

2.2.1 | Polymer Films via Interfacial Polymerization

Rezaei et al. employed atmospheric pressure plasma to form free
radicals and initiate polymerization of the topmost layer of a
reactive liquid droplet containing unsaturated C=C bonds.
This resulted in a polymer skin on the droplet surface
(Figure 3E), which prevented the underlying reactive liquid from
interacting with plasma species, thereby protecting it from fur-
ther reactions. The authors demonstrated examples where sessile
droplets (volume ~ 3 μL) of resins (acrylates and thiol acrylates)
and catalysts were enclosed by a polymer film (thickness ~ 50
nm). This packaging material enabled the confinement of the
reactive payload on the supporting substrate in a nonreactive
state. Pressing two substrates against each other led to the release
of the adhesives and the formation of a strong bond [49].

Haller et al. introduced an ionic liquid substrate into an initiated
Chemical Vapor Deposition process. Monomer and initiator
vapors were introduced in a reaction chamber containing a

Advanced Engineering Materials, 2026 9 of 31

 15272648, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adem

.202502332 by Jozef Stefan Institute, W
iley O

nline L
ibrary on [20/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



silicon wafer with sessile drops (5 μL) of 1-butyl-3-methylimida-
zolium hexafluorophosphate placed on it. The location of poly-
merization (i.e., liquid-gas interface, solid-gas interface, and
liquid bulk) and, in turn, the characteristics of the formed poly-
mer depended on the reaction conditions and monomer solubil-
ity in the ionic liquid. For the soluble monomer 2-hydroxyethyl
methacrylate, polymerization occurred in all three locations. For
short reaction times, a polymer film partially covered the drop
and it could be lifted off and kept self-standing. Longer reaction
times led to a polymer film fully enclosing the ionic liquid drop.
The film thickness at the drop center was larger than near the
edge, because chains were grown both at the liquid-gas interface
and the ionic liquid bulk. When the insoluble monomer 1H,
1H,2H, 2H-perfluorodecyl acrylate was used, polymers formed
only at the liquid-gas and solid-gas interfaces, yielding a skin that
packaged the drop completely. The more uniform thickness com-
pared to the poly(2-hydroxyethyl methacrylate) film suggested
that polymerization started and proceeded evenly across the ionic
liquid surface. This work highlighted the potential to develop
composite polymer-ionic liquid materials with controlled struc-
ture, potentially useful as electrolyte membranes in fuel cells and
nonvolatile electrolytes in batteries [102].

2.2.2 | Films from Presynthesized Polymers in Solution

Coppola et al. developed a bottom-up method for the insitu pack-
aging of liquid payloads, based on the self-assembly of biocom-
patible polymers (in solution) into a film following the water
profile. In the simplest case, a droplet of poly(lactic-co-glycolic
acid) solution in dimethyl carbonate was placed onto a sessile
water drop sitting on a solid substrate. The polymer solution
wrapped the water surface, driven by the reduction of the total
interfacial energy. Dimethyl carbonate was slowly extracted by
the aqueous phase, and the poly(lactic-co-glycolic acid) chains
spread over the water surface. Within seconds, a homogeneous,
nonporous film acted as an adaptive suit and encased the entire
sessile drop (Figure 3F,xiii); pendant drops could be packaged
similarly (Figure 3F,xiv). The polymer membranes
(thickness ~ 1.65 μm) were transparent to visible light, had low
water vapor permeability (140 (g μm)/(m2 day kPa), and very
high oxygen permeability (1.9 x 10−5 (cm3 μm)/(m2 day atm).
These properties allowed in vitro lab-in-a-drop experiments
involving the observation of aqueous payloads containing
Caenorhabditis elegans, a model organism for investigating neu-
ron systems. Although polymer membrane formation led to a
marked decrease in the microorganisms movement (presumably
due to geometrical constraints and dimethyl carbonate presence),
this was reversible, with microorganisms recovering their motil-
ity once the membrane was removed [51].

Bremond et al. produced “liquid pearls," millimeter-sized drops of
aqueous or oil phase packaged with a polymeric shell, employing
a two-step microfluidic process. Initially, a compound pendant
drop comprising the core liquid (water or oil, radius 1.8–
2.2 mm) and a surrounding shell of aqueous sodium alginate
solution (thickness 0.6–150 μm) was created in air, using two
coaxial tubes in a dual dripping regime. In the second stage, after
the breakup, the drop was immersed in an aqueous CaCl2 bath.
Ca2+ ions diffused into the alginate solution and, by bridging
adjacent polymer chains, yielded a 3D hydrogel network. For suc-
cessful production, two key instabilities had to be suppressed. For
aqueous cores, mixing with the surrounding aqueous phases was

prevented using surfactants that transformed the drop surface
into a transient elastic membrane. For oil cores, suppression
of dewetting of the aqueous film surrounding the hydrophobic
drop was also ensured. This is activated by the recoiling of a thin
thread produced by the pinch-off of the compound drop and
defines the minimum shell thickness. A setup with three coaxial
tubes was used to introduce aqueous glucose solution; this addi-
tional liquid layer protected the outer alginate layer from divalent
ions in the core liquid, which consisted of yeast cells and culture
medium. This test was successful, as evidenced by the reproduc-
tion of cells within the liquid pearl [52].

Inspired by the Lotus leaf effect, Song et al. developed a simple
method for packaging active molecules and living cells in spher-
ical hydrogels or solid polymer particles, which served as reser-
voirs for delivery and release. In a typical experiment, an aqueous
polysaccharide solution drop (~2-20 μL) was placed onto a super-
hydrophobic substrate (based on silanized poly(styrene)), and
CaCl2 solution was used to crosslink the polymer chains in-situ.
Theophylline, a water-soluble drug, was also introduced into the
liquid payload. The resulting spherical alginate hydrogels (diam-
eter ~ 1–2mm) had a very high drug encapsulation efficiency,
because no theophylline was lost onto the substrate during
the packaging process. Release experiments indicated that ~
100% of the incorporated theophylline diffused into an aqueous
environment. Payloads containing living cells were also pack-
aged using this method. Alginate drops carrying L929 cells were
prepared on a superhydrophobic surface and crosslinked using
CaCl2. Fluorescent microscopy observations indicated that the
living cells were homogeneously distributed within the (cross-
linked) volume of the hydrogel spheres [53].

2.2.3 | Prefabricated Polymer Films

Liquid payloads can also be packaged using prefabricated films of
insoluble polymer, such as films supported by solid or liquid
(nonsolvent) substrates. Py et al. exploited the interaction
between polymer elasticity and water capillarity to generate
drops packaged by polymers, via a “capillary origami” process.
In a typical experiment, a water drop (1–80 μL) was deposited
on a poly(dimethylsiloxane) film (thickness 40–80 μm) placed
on a superhydrophobic substrate. Upon evaporation, the surface
tension force led to a continuous curvature increase of the sheet.
When the sheet was sufficiently thin, it enclosed the liquid; con-
versely, the increased stiffness of thick films did not allow for
sufficient film bending to achieve complete closure. Liquid enclo-
sure was not possible below a critical length scale. This so-called
elastocapillary length scales as the film thickness d3/2; thus, thin-
ner sheets result in much smaller critical lengths, which is favor-
able to miniaturization. Interestingly, the 3D shape of the
resulting liquid package was defined by the initial (i.e., 2D) shape
of the planar polymer sheet. Starting from respectively flower-
like and cross-shaped structures, approximately spherical and
cubic liquid packages could be fabricated, highlighting the pos-
sibility to engineer the final closed state [54].

Kumar et al. exploited the impact dynamics of a droplet landing on
an ultrathin polymer film floating on a second (immiscible) liquid.
In a typical experiment, an oil drop (e.g., fluorinated oil, radius 0.6
– 1.2 mm) was dropped onto a poly(styrene) film (thickness 46–
372 nm) residing at the surface of a second liquid (water,
Figure 3G,xv). When the kinetic energy of the droplet was
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sufficient to overcome the interfacial energies involved, it sepa-
rated from the air-water interface and was packaged by the poly-
mer sheet (Figure 3G,xvi). By modulating the 2D film shape, the
3D shape of the enclosed droplet could be tailored, as evidenced by
sphere, half-sphere, tetrahedron, or cube-like liquid packages.
This “splash wrapping” method featured almost perfect seams:
the film edges were neither overlapping nor far apart, showing
no openings. The encapsulation was reversible, evidenced by
the possibility to open the package to release the enclosed liquid
or its ability to reform after mechanical perturbation. The ver-
satility of this method was illustrated by packaging hydrocarbon
oil and aqueous drops in ethanol and oil environment, respec-
tively. Liquid packages could even be extracted into air
(Figure 3G,xvii-xviii). To avoid degradation of the polymer by
the involved liquids, bilayer films of poly(styrene) and Cytop
were utilized [42].

2.3 | Liquid Packaging With Liquids

Misra et al. demonstrated a method for packaging droplets of a
core liquid with a shell of a second liquid in a host (third) liquid,
based on surface energy minimization. A shell liquid (canola oil)
was deposited onto the host liquid (water), and a droplet
(~15.5 μL) of core liquid (silicones mixed with polyphenol ethers)
was dropped onto the interface. Two conditions were necessary
for successful wrapping of the core droplet by the shell liquid.
First, shell formation around the core liquid must be thermody-
namically favorable: γcore–shell + γshell-host < γcore, where γcore–shell,
γshell-host, γcore are the interfacial tensions of the core liquid–shell
liquid, shell liquid-host liquid, and core liquid-air pairs, respec-
tively. This is necessary but not sufficient; the core droplet must
also possess enough kinetic energy to overcome the interfacial
energy barrier, while compensating for viscous dissipation during
penetration of the interfacial layer of the shell and host liquids.
For a given impact height and shell layer thickness (~2–2.8 mm),
encapsulation occurred only above a critical droplet size. This
method enabled stable packaging of an ethylene glycol droplet
miscible with host water: the canola oil shell prevented dissolu-
tion while preserving droplet integrity (Figure 3H) [59]. Recent
experiments utilized a hydrophobic loop at the bath surface to
anchor the shell-forming liquid, eliminating the density con-
straint and limiting lateral spread, resulting in thicker interfacial
lenses from the same volume [103].

2.4 | Liquid Packaging With Metals

Leong et al. developed a multifunctional system for packaging
and delivery of tiny liquid payloads based on metallic microcon-
tainers. A 2D metallic (e.g., Cu-based) template comprising sol-
der hinges was fabricated by photolithography. Upon heating
above the solder melting point, surface tension drove self-
organization into a 3D hollow polyhedral structure (Figure 3I,
xx). This way, containers of different shapes (e.g., cubes and pyr-
amids) and volumes (230 pL–8 nL) were fabricated in a highly
parallel process. Furthermore, patterning of one or more faces
of the container with monodisperse pores of varying diameter
was possible by photolithography. By adjusting the porosity,
the release profile of the packaged payload was engineered. A
spatially isotropic material release was documented for contain-
ers with identical porosity on all faces (Figure 3I,xxi), whereas

different pore sizes on different faces led to anisotropic release
(Figure 3I,xxii). To impart magnetic functionality, Ni was used
as packaging material. This enabled the demonstration of a spa-
tially controlled chemical reaction, where phenolphthalein (pH
indicator) was released into an alkaline solution in an arbitrary
trajectory (Figure 3I,xxiii). Other spatially localized reactions
were also shown with multiple containers [58].

2.5 | Hybrid Films as Packaging Material

The integration of particles within a polymer matrix enhances
toughness and allows permeability regulation, while maintaining
the overall mechanical integrity of the material. This can be used
for making hybrid packaging materials with customizable release
profiles. Takei et al. developed a liquid packaging strategy employ-
ing a particle-polymer packaging material, based on photopoly-
merizable liquid marbles. Matrix-type capsules with the liquid
payload distributed in a continuous matrix were prepared by roll-
ing a monomer drop containing photoinitiator (5 μL) on superam-
phiphobic powder (silicon monolith, particle size< 600 μm). The
liquids of interest (tetradecane, α-tocopherol, linalyl acetate, and
doxorubicin dissolved in dimethyl sulfoxide) were also mixed with
the monomer. White light-induced polymerization yielded solid
marbles that enclosed the payload with efficiencies exceeding
99%. Core-shell capsules were prepared by first forming a mono-
mer/initiator liquid marble (8 μL), injecting an aqueous droplet
(2 μL) into it, and then solidifying it using light. To achieve highly
spherical liquid marbles with shells of uniform thickness, a cen-
trifugal force was applied that caused the denser monomer to
move toward the liquid marble surface and the aqueous phase
to move toward its center (Figure 3J,xxiv-xxv). By removing excess
coating particles, the hybrid marbles sank in various liquids
(Figure 3J,xxvi). Fluorescein sodium loaded into the aqueous pay-
load was not released during a 7-day test. When poly(ethylene gly-
col) was incorporated into the shell, the release rate of the dye
increased (up to 100% for the same period) with increasing poly(-
ethylene glycol) concentration, attributed to water channels for-
mation in the shell [56].

Cui et al. explored the in-situ generation of nanoparticle surfac-
tants at a water-oil interface and their use in stabilizing non-
spherical water drops (typical size ~a few mm). An aqueous drop
containing anionic nanoparticles (e.g., carboxylated poly(sty-
rene)) was suspended in oil containing polymers with a cationic
end group (e.g., amine-terminated poly(dimethylsiloxane)).
Polymers were first assembled at the fluid interface, followed
by diffusion of nanoparticles to the interface. Electrostatic attrac-
tion between the oppositely charged species resulted in nanopar-
ticle surfactants, which reduced the interfacial energy and led to a
jammed structure. By applying an electric field, the drop deformed
and its surface area increased, resulting in unjamming of the nano-
particle surfactant assembly; this enabled the generation and inter-
facial assembly of additional nanoparticle surfactants. When the
field was turned off jamming occurred once again, trapping the
drop in an out-of-equilibrium shape. Unjamming of nanoparticle
surfactants occurred locally, allowing for deformation of the drop
interface in different directions. As a result, various shapes like
tubes, fish-shaped structures, and complex anisometric structures
(e.g., glass wool-like) formed. The electrostatic interactions
between polymers and nanoparticles exceeded thermal energy
and thus stabilized the nanoparticle surfactants at the interface.
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Stability was further increased with difunctional polymers that
bridged neighboring nanoparticles, yielding a crosslinked interfa-
cial structure [57].

3 | Packaging of Gas Payloads

Microscopic gas packages find application in numerous indus-
trial products. Although this research area is not the focus of this
article, we briefly discuss a few representative examples and
point to relevant reviews. Gas microbubbles (typical diameters
one to a few micrometers) are used in products that enhance
the signal in ultrasound examination. Besides imaging, focused
ultrasound beam can destabilize microbubbles carrying active
ingredients, enabling local delivery of drugs or genes [104].
Typically, lipids, proteins, and polymers are the packaging mate-
rials, and payloads are air, nitrogen, or perfluorocarbons [105].
Foams featuring a dispersed gas phase (bubbles) in a continuous
(solid or liquid) phase are utilized in popular foods and drinks
(e.g., ice cream, whipped cream, bread, cake, carbonated bever-
ages). This aerated structure (bubble sizes ~ 10–100 μm) imparts
desirable texture, while replacing fat particles with gas yields
healthier products [106]. Most foam food products comprise
air, nitrogen, or CO2 packages enclosed by packaging materials
often based on solid particles. In such Pickering foams, proteins
(and protein aggregates), nanoparticles (e.g., based on starch or
cellulose), or microparticles (e.g., microgels) stabilize bubbles in
a continuous phase (typically an aqueous solution) [107].
Contrarily, the packaging of macroscopic gas payloads has com-
paratively received less attention. Below, we review selected
examples of this largely unexplored yet potentially useful area.

3.1 | Macroscopic Gas Bubbles

A familiar example of gas packaging is a bubble stabilized in air by
a thin liquid film. This packaging material is inherently fragile,
severely limiting the utility of this packaging strategy. For pure liq-
uid films, bubble lifetime is proportional to viscosity: bubbles cov-
ered with a polymer melt last much longer than water-enclosed
bubbles (typical lifetime ~s). Here, bubble destabilization occurs
due to the thinning of the liquid film down to thicknesses on
the order of tens of nanometers, caused by gravity-driven liquid
drainage [108]. Surfactants significantly increase the stability of
bubbles enclosed by an aqueous film, with the lifetime of the result-
ing soap bubble depending on surfactant concentration. For inter-
mediate concentrations, a complex interplay between gravity and
capillary-driven drainage, Marangoni flows due to surfactant con-
centration gradients, and water evaporation dictates film stability.
At high concentrations, the film becomes more rigid and some of
these effects are suppressed; however, water evaporation and the
presence of nuclei may also trigger bubble rupture [109].

3.2 | Giant and Long-Lasting Soap Bubbles

Although soap bubbles are generally ephemeral structures, some
interesting observations hint at their packaging potential.
Introducing additives (e.g., glycerol) to the bubble solution drasti-
cally increases packaging material stability and thus the lifetime of
soap bubbles (Figure 4A,i-ii). A more intriguing observation is the
creation of giant soap bubbles (Figure 4A,iii): free-floating bubbles

with a volume of ~100m3 (surface area and diameter of ~100m2

and ~6m, respectively) have been recorded [10]. Giant soap bub-
bles in a sessile configuration (Figure 4A,iv) have also sparked sci-
entific interest [110]. Although their geometrical features are
impressive on their own, the structural characteristics of giant
bubbles are even more remarkable: The thin-film interference
color shows that the stabilizing film is only a few μm thick [10].

Besides giant bubble formation, which has enabled a vibrant and
resourceful community of enthusiasts [112], these objects have
attracted vivid research interest. Frazier et al. studied the rheol-
ogy of bubble solutions comprising water, surfactants (dish deter-
gent or sodium dodecyl sulfate), and high-molecular weight
polymers (guar, a lubricant containing poly(ethylene oxide)
and sucrose, or pure poly(ethylene oxide)). A right balance
between the extensional properties counteracting film thinning
and breaking, and sufficient flow to continuously draw liquid
into the film was required. Bubbles also had to have a significant
lifetime, not compromised by water evaporation and gravity-
induced drainage. Polymers provided the appropriate rheological
properties and increased longevity. Intermediate polymer con-
centrations and increased molecular weight dispersity led to opti-
mal solutions for stable soap bubbles. This was attributed to the
extensional rheological behavior of isolated chains and coopera-
tive interactions between chains of varying lengths. Regardless of
the exact formulation, bubble lifetime increased with increasing
humidity, reaching a maximum at ~75%. Above this value, life-
time increased further, with a fivefold increase at 90% compared
with ~45% humidity [10]. Such studies provide quantitative
guidelines for preparing mechanically robust soap bubbles.

Although long-lasting bubbles are sensitive to drying and desta-
bilization upon contact with almost any surface, they can provide
a template for creating solid, long-lasting structures. This intrigu-
ing possibility was demonstrated by Jampani et al., who used
free-standing and sessile soap bubbles as templates for the inter-
facial polymerization of cyanoacrylates. The result was robust
polymeric films, serving as Do-It-Yourself chambers for storing
and handling gaseous payloads or performing other tasks, as dis-
cussed in more detail in Section 6 [24].

3.3 | Particle-Coated Bubbles: Gas Marbles

Timounay et al. introduced gas marbles, an interesting concept
for packaging gaseous payloads (volumes ~ 100 mm3) in air. To
produce gas marbles, a solid frame was inserted into an aqueous
surfactant solution covered with granular poly(styrene) particles
(diameter 250–590 μm). Removal of the frame from the liquid
resulted in the detachment of an air bubble (diameter 5–
11 mm) that was enclosed by a thin liquid film containing a com-
pact monolayer of adsorbed particles (Figure 4B,v). Apart from
their gaseous core, gas marbles differ from liquid marbles
because of the unique structure of the hybrid (particle-liquid)
packaging material (Figure 4B,vi), which comprises two liquid-
gas interfaces instead of one (Figure 4B,vii). Liquid in the voids of
the particle monolayer results in strong cohesion, because parti-
cle displacements out of the monolayer plane are opposed by
the attractive capillary forces between neighboring particles
(Figure 4B,viii). This balance between compressive stress and sur-
face tension forces is responsible for the exceptional mechanical
stability of gas marbles, which can resist both gas removal and
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addition up to applied pressures 10 times the Laplace pressure
before collapsing. This concept could lead to new gas packaging
processes, supported by the authors’ expectation that gas marbles
containing up to 0.5% insoluble gas in the encapsulating hybrid
film should be stable, showing no significant gas exchange with
the surrounding gaseous phase [60, 113].

Roux et al. used polyamide-11 microparticles (diameter ~ 160 μm)
with intermediate water wettability (contact angle 71°) to form the
packaging material of gas marbles (Figure 4B,ix). Although their
presence inhibited gravity-induced liquid drainage, particles alone
did not yield long-lasting gas marbles. Typical lifetimes were on
the order of minutes, limited by water evaporation (Figure 4B,
x, top). Glycerol, able to absorb (desorb) water molecules from
(to) the environment and maintain an equilibrium glycerol/water
ratio, was added to the aqueous phase to suppress drying. Gasmar-
bles stabilized by the composite water/glycerol/particle film lasted
significantly longer than marbles stabilized only by particles, and
their lifetime depended on the initial glycerol concentration
(Figure 4B, x, bottom). Gas marbles with low initial concentration
(glycerol mass fraction≤ 0.15) survived for ~50min. Increasing the
initial concentration (≥0.30) led to gas marbles with a lifetime lon-
ger than several hours, either by losing water via desorption or
gaining water via absorption (0.90). Notably, a maximum lifetime
of 465 days was reported, with destabilization occurring after this
period, attributed to the growth of microorganisms [111].

3.4 | Stimuli-Responsive Gas Marbles

Yasui et al. used poly(styrene) microparticles (diameter 1.58 μm)
stabilized with poly[2-(diethylamino)ethyl methacrylate], a pH-

responsive polybase, to demonstrate the first stimuli-responsive
gas marble system. At pH ≥ 8, these polymers are electrostatically
neutral and hydrophobic; at pH ≤ 6, chains become protonated,
leading to a hydrophilic polyelectrolyte (Figure 4C,xi). Gas mar-
bles (50–1,000 μL) prepared with these particles and water as the
packaging material were robust enough to allow easy handling
and manipulation. With water as the only liquid in the packaging
material, the gas marble lifetime depended on relative humidity.
Wet conditions led to long-lasting gas marbles, as opposed to ambi-
ent conditions (lifetimes of ~70 and ~10min, respectively). Adding
salts or glycerol drastically increased stability, yielding lifetimes of
~days and ~months, respectively. Gas marbles could also remain
stable and be manipulated on planar water surfaces. Thanks to the
packaging material responsiveness, gas marble rupture could be
controlled by adjusting the pH of the substrate. For pH ≥ 8,
gas marbles retained their structure for ~1 h (Figure 4C,xii),
whereas gasmarbles quickly (<10min) disintegrated in acidic con-
ditions (Figure 4C,xiii). Notably, pH-driven payload release was
also achieved using a photoacid generator. The capability to con-
trol amphibious motion and payload liberation using external
stimuli highlights the potential of this system to pack, transport,
and release gaseous payloads in a controlled manner. However,
scaling up gas marble fabrication remains challenging; automated
processes involving robotic systems or (adapted) industrial aera-
tion were suggested as possible solutions [39].

4 | Packaging of Solid Payloads

Packaging of solids spans cultural heritage conservation, food
preservation, and biomedical applications. Through the selected

FIGURE 4 | Examples of packaging strategies for gaseous payloads. (A) The most intuitive gas packaging platform, soap bubbles, in a free-standing

(i) and sessile (ii) configuration. Soap bubbles can be made long-lasting by engineering the packaging material composition (e.g., by adding glycerol and/

or polymers to surfactant solutions), as exemplified by giant free-standing (iii) and sessile (iv) soap bubbles. Adapted with permission [110]. Copyright

2017, National Academy of Sciences. (B) Gas marbles for packaging gases (v-vi). The packaging material is a film consisting of particles (vii) and liquid

(e.g., water), holding particles together by capillary forces (viii). Adapted with permission [60]. Copyright 2017, American Physical Society. By adding

glycerol to the packaging material, gas marble lifetime can be prolonged to months (ix) and even years, as opposed to ~1min and a few min for soap

bubbles (x, top) and gas marbles with only water in their shell (x, bottom), respectively. Adapted with permission [111]. Copyright 2022, American

Physical Society. (C) Stimuli-responsive gas marbles as responsive gas packaging platforms. By utilizing poly(styrene) microparticles with pH-dependent

hydrophobicity (xi), pH-responsive gas marbles are prepared. While such gas marbles float on water for pH≥ 8 (xii), destabilization followed by payload

release occurs for pH< 5 (xiii). Adapted with permission [39]. Copyright 2024, Wiley.
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examples below, we highlight representative mechanisms and
materials, rather than providing an exhaustive survey. We sug-
gest that the readers consider looking into the indicated literature
and citations therein [.

4.1 | Graphene-Based Packaging Materials

Graphene-based materials offer multifunctional packaging solu-
tions for numerous novel applications due to their exceptional
mechanical strength [114], optical transparency [41], conductiv-
ity [115, 116], and gas barrier properties [117, 118, 119], leading to
preserving delicate artifacts like artworks [40], protecting elec-
tronic components [120], and electrochemical enhancement in
energy storage applications [121]. Wu et al. packaged silica
spheres (diameter 300 nm) via layer-by-layer electrostatic assem-
bly of graphene oxide sheets, resulting in 3D, interconnected gra-
phene oxide shells. Subsequent in-situ magnesiothermic
reduction converted the silica spheres into porous silicon while
preserving the graphene network (Figure 5A). After thermal
treatment (�650°C under Ar) and acid etching, porous Si
wrapped in graphene was obtained. This two-step strategy dem-
onstrated significant improvements in the electrochemical per-
formance of silicon-based Li-ion battery anodes. This
configuration yielded high specific capacities, reaching up to
1100 mAh/g, and enhanced cycle retention compared to non-
porous silicon spheres [121]. Note that a conformal graphene
shell can simultaneously serve as a mechanical buffer and an
electrically conductive, permeable packaging layer.

Yulaev et al. demonstrated self-assembled graphene oxide mem-
branes to immobilize organic and inorganic micro-objects and
surfaces for analytical and preservation applications. Dilute
aqueous graphene oxide dispersions were drop-cast and dried;
graphene oxide segregated at the liquid–liquid, liquid–solid,
and liquid–gas interfaces, forming thin, uniform self-assembled
membranes around a desired micro-payload (Figure 5B). Slow
water evaporation generated a pressure differential of 105 Pa
and compression force of ~1 nN between the payload and the
packaging material, linked to the shrinkage of the graphene
layer. Diverse payloads, including bacteria (E. coli), mercury
droplets, solid microparticles, and gas bubbles, were immobilized
and exhibited controlled shape deformation during shrinkage.
Due to transparency to photons and electrons, graphene facili-
tates high-resolution electron microscopy and Raman spectros-
copy [41]. This approach offers an effective barrier against
environmental pollutants, UV radiation, and corrosive chemicals
[40, 117, 125].

Kotsidi et al. utilized Chemical Vapor Deposition-grown gra-
phene films as 2D protective nanocoatings applied in-situ.
Graphene transferred onto a pressure-sensitive adhesive was
laminated onto the payload by compression (Figure 5C). This
solvent-free approach enabled deposition of single or multiple
layers on sensitive surfaces, including artwork and paintings.
When more than three layers were used, the protection factor
against UV light increased to more than 70%. Interestingly,
the coating could be removed with rubber (Figure 5C,ix), without
altering the payload appearance (single-layer transparency ~
97.7%). Spectroscopic analysis revealed that graphene coatings
mitigated dye degradation induced by UV and visible radiation,
with a reduction of 8% for a single layer, increasing to 25% for

three layers. Through accelerated aging equivalent to 65 years
of museum exhibitions, a single graphene layer yielded protec-
tion factors of 38% (light blue dye) and 27% (pink dye) [40].
Moreover, defect-free graphene or reduced graphene with multi-
layers enabled selective permeability of atoms and molecules
[118]. By contrast, multilayered graphene or micron-sized sheets
exhibited defects, allowing the controlled permeation of gases
(CO2, N2), ions [117], and small molecules [119]. Graphene has
also been employed as an anticorrosion agent in packaging mate-
rials [126].

4.2 | Clay-Based Packaging Materials

Two-dimensional clay-based materials have shown promise as
multifunctional packaging materials. They are naturally avail-
able in various sizes and crystal structures, forming layered
structures similar to graphite, such as kaolinite, illite, chlorite,
and smectite [123, 127]. These nanolayers regulate gas perme-
ability, microbial activity, and moisture exchange, prolonging
fresh produce shelf life without inducing anoxic conditions
or accelerated metabolism [28, 63]. The multifunctionality is
primarily due to the stacking of nanolayers supported by hydro-
gen bonds, leading to particles of various sizes (nm to μm), with
both outer and interlayer functionalities (Figure 5D). These
water-dispersible particles bind to numerous nanoparticles, for-
eign molecules, and drugs, making them an efficient packaging
material [64, 128]. For example, gas bubbles dispersed in an
aqueous suspension of clay nanoplatelets aggregate into a thin,
microporous layer, resulting in stable armored bubbles and
porous vesicles [129].

Eguchi et al. used films made from saponite clay (~20–50 nm pla-
telets; ~20 μm film thickness) to package fruits [62]. When
applied onto apples and bananas, oxygen permeability was
reduced by 146 times compared with commercially used poly(-
vinylidene chloride) films. Smaller platelets enhanced adhesion
and uniformity (Figure 5D,x), thereby reducing gas permeation
and respiration. Larger montmorillonite platelets (100–1000 nm)
reduced porosity by efficient packing, hence further suppressing
O2 diffusion. Gas permeation (driven by diffusion) was due to
capillary action on the film. When the film comprised small par-
ticles that adsorbed water molecules, oxygen permeation could
be controlled by adjusting the humidity. Contrarily, films com-
posed of larger particles showed reduced gas permeation, attrib-
uted to fewer pores in the film due to efficient packing. Such a
reduction in gas exchange from fresh produce, promoted lower
production of spoilage-related volatile compounds from meta-
bolic processes (e.g., alcohols, aldehydes, esters), thereby extend-
ing freshness for up to 4 months, depending on the fruit payload
(Figure 5D,xi) [63].

The mechanical strengthening of low-density poly(ethylene)
using a clay/TiO2 nanocomposite also significantly enhances
its mechanical properties and barrier performance. Bodaghi
et al., prepared melt-blended films containing 3 wt.% clay
(Cloisite 20A) and/or 3 wt.% TiO2, along with 0.5 wt.% glycerol,
with a thickness of 30 μm. The Young’s modulus increased from
89MPa to 141MPa, while the tensile strength rose from 10.4MPa
to 12.8MPa; at the same time, oxygen permeability decreased by
~51%, and CO2 permeability decreased by ~32% compared with
the pure polymer. These barrier performance gains correlated
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FIGURE 5 | Examples of packaging strategies for solid payloads. (A) Layer-by-layer electrostatic assembly of graphene oxide (GO) produces a 3D

network of graphene-wrapped porous silica spheres, serving as a precursor for in-situ magnesiothermic reduction. Electron microscopy images of (i)

silica spheres, (ii) silica spheres embedded in graphene oxide, and (iii) porous silica embedded in GO. Adapted with permission [121] copyright 2014

American Chemical Society. (B) Evaporation-driven self-assembly of drop-cast aqueous GO forms continuous, conformal, electron- and optically trans-

parent membranes that enclose diverse microobjects. (iv) Interfacial segregation, (v) encapsulation/membrane formation, and (vi) Hg microdroplet, H2

bubbles, poly(styrene) beads, and E. coli, as payloads of different sizes. Adapted with permission [41]. Copyright 2016, Wiley. (C) Solvent-free transfer of

graphene veils for artwork preservation. Monolayer graphene grown on Cu is laminated to a pressure-sensitive adhesive, Cu is etched, and the veil is

pressure-transferred at 0.1–0.5MPa (50°C–55°C). (vii) graphene/pressure sensitive adhesive on Cu, (viii) after Cu etch, (ix) transfer and removal with an

eraser. Adapted with permission [40]. Copyright 2021, Springer Nature Limited. (D) Air-dried saponite coatings form ~20 μm thick inorganic barriers on

fresh produce. (x) SEM images of the top surface and cross-section of the film (left), and photographs of clay-packaged fruits (right) versus fruits wrapped

with poly(ethylene) films (control experiment, (xi)). The mold on oranges and apples and the sugar spots on bananas, are observed at different times,

indicating the effective blocking of less-polar volatiles and thus the enhanced protection offered by the clay coating. Adapted with permission [62].

Copyright 2022, CC BY 4.0, Royal Society of Chemistry. (xii) Low-density poly(ethylene) nanocomposite films (containing clay and TiO2) minimize

tomato weight loss. Adapted with permission [122]. Copyright 2024, CC BY 4.0, BMC Plant Biology. (D) The clay schematic picture, adapted with

permission [123]. Copyright 2020 The Eur. Phys. J Special Topics. (E) cellulose-based nanocoatings. (xiii) Hand-held spray biocoatings (cellulose nano-

fibers + pectin + phenolic extract, with essential oil and glycerol) form protective films on sweet-potato surfaces, (xiv) SEM of a CNF:pectin:phenolic

ratio 2.5:1.25:1, respectively (inset: uncoated control). Reproduced with permission [66]. Copyright 2025, CC BY-NC-ND 4.0, Elsevier. (xv) SEM image of

Ca(OH)2 nanoparticles on cellulose fibers and 19th-century paper specimens (deacidified vs. untreated) after identical artificial aging. Brown color

represents degradation. Adapted with permission [65]. Copyright 2002, American Chemical Society. The cellulose chemical structure is adapted with

permission [124]. Copyright 2022, CC BY-NC 4.0, American Association for the Advancement of Science.
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with reduced fungal activity and lower ethylene production,
allowing tomato preservation for up to 42 days at 4°C
(Figure 5D,xii) [122]. By using a mixture of sillimanite and ben-
tonite clays (~80–110 nm sizes), Kumar et al. reported enhanced
ethylene scavenging under ambient conditions. Ethylene
removal reached 84% over 21 days, depending on temperature
and relative humidity (best at 29°C and 55%, respectively),
thereby extending the shelf life of fresh fruits at 29°C [28].

4.3 | Starch and Cellulose-Based Packaging
Materials

Cellulose, the most abundant biopolymer, and starch, a plant-
derived polysaccharide, are critical for developing bioderived
packaging materials due to their sustainability and biodegrad-
ability [21, 29, 130, 131, 132]. Their derivatives can be processed
into continuous films, coatings, or fibrous mats. However, these
biopolymers often suffer from brittleness and sensitivity to water,
necessitating reinforcement with cellulose nanofibers or nano-
crystals to enhance their mechanical and barrier properties
[133]. The tensile strength of these cellulose-based nanomaterials
reaches ~ 150MPa, with an elastic modulus ~ 15 GPa in film
form, making them strong for use in packaging compared to
many petroleum-based plastics [134]. Moreover, the rod-like
shape of cellulose nanomaterials promotes cholesteric self-
assembly, enabling the formation of dense, transparent coatings
via layer-by-layer or casting routes [66, 135–137].

The strong hydrophilic nature of cellulose and its anisotropic
interactions with water [124, 138] pose significant challenges,
particularly in maintaining water and oxygen barrier properties
under humid environments (RH> 50%) [139, 140], essential for
many packaging applications [133]. To overcome this, hybridiza-
tion techniques (e.g., incorporating inorganic nanoparticles, pol-
ymers, or other fillers) have been investigated for further
enhancing mechanical strength, moisture resistance, and barrier
efficiency [134, 141, 142]. For instance, cellulose nanowhiskers,
isolated via acid hydrolysis into rod-like nanoscale crystals, have
been used to form dense, percolating networks that improve
structural integrity and resistance to gas and water vapor trans-
mission [130]. Importantly, pH-sensitive dyes extracted from
plants [143] can be mixed with packaging materials, thus allow-
ing the packaging film to sense the payload freshness through
visual inspection of its color [144, 145].

In the context of active and intelligent packaging, Zhou et al.
developed double-layer indicator films comprising konjac gluco-
mannan/camellia oil and κ-carrageenan loaded with pH-
sensitive dyes like curcumin and anthocyanins. These packaging
materials showed improved moisture resistance and mechanical
strength. Furthermore, their responsiveness to pH changes due to
payload spoilage with color changes, enabled their use for real-
time monitoring of meat freshness [146]. Similarly, Wu et al.
reported a shrimp freshness visual indicator based on gellan-
gum films incorporating Clitoria ternatea extract, combined with
heat-treated soy protein. This composite packaging material pro-
vided controlled release of anthocyanins, antioxidant activity,
and antibacterial effects, and acted as pH indicator showing color
changes from violet to yellow for pH values from 1 to 14 [29].
Moreover, cellulose acetate/cellulose nanofiber composite films
containing anthocyanins exhibit color changes upon exposure to

ammonia released by degrading meat and fish, illustrating how
nanocellulose improves dye uptake and sensing performance in
practical packaging geometries [147].

Very recently, Abouzeid et al. formulated sprayable nanocoatings
from cellulose nanofibers blended with pectin and phenolic
extracts derived from sweet potato peel. Glycerol and essential
oil were also used to tune the formulation rheological parameters
(Figure 5E). When applied to sweet potato roots, these coatings
reduced respiration rate by up to 72% and decreased weight loss
by ~51%, compared with uncoated roots, while remaining
optically clear and uniform. Additionally, the same anthocyanin
extracts provided pH-responsive color (red at pH< 5 to blue–
purple at pH> 9), serving as components of smart packaging
materials able to detect antioxidants and act as freshness indica-
tors [66]. Complementarily, Souza et al. used nanocellulose-sta-
bilized Pickering emulsions of plant essential oils to cast
thermoplastic-starch films. Emulsions containing 2–5 wt.%
essential oils (e.g., camphorwood, cinnamon, cardamom) were
cast on poly(styrene) plates along with 4 wt% starch. These films
exhibited stronger polymer–emulsion interactions and thus
enhanced mechanical resistance and reduced water vapor trans-
mission, highlighting their potential for biodegradable active
packaging [148].

Beyond food applications, cellulose aging and deacidification
remain central for long-term preservation of payloads. The aging
of cellulose is primarily driven by the depolymerization of cellu-
lose fibers under acidic conditions. Numerous efforts are being
made to strengthen cellulose by applying deacidification condi-
tions using micro- and nanoparticles [149, 150]. Giorgi et al.
spray-coated 19th-century paper specimens with calcium hydrox-
ide particles (260 nm) dispersed in propanol, achieving deacidi-
fication via carbonation, thus prolonging the degradation
window [65] (Figure 5E,xv). Wu et al. deposited a NaOH/urea
bacterial cellulose solution onto an acidic state of paper through
ultrasonic atomization for strengthening the paper [151]. Finally,
Reynaud et al. demonstrated the presence of ~5,000 years old cel-
lulosic textiles in archaeological sites, with this long lifetime
attributed to mineral-induced preservation mechanisms. Such
an in-place molecular preservation (silicification) is supported
by aqueous transport of inorganic compounds (metal cations
and soil solutes) onto cellulosic textiles, where nanoscale mineral
deposition stabilized cellulose against microorganisms and fungi
[152]. These findings suggest the potential of exploring these
mineral-assisted stabilization routes for future cellulose-based
packaging.

4.4 | Nanocomposite Packaging Materials

Hybrid polymer–inorganic nanocomposites are powerful packag-
ing materials for enclosing and releasing particulate payloads
with tunable structure and kinetics [153, 154]. Using microflui-
dics, Udoh et al. emulsified aqueous mixtures of sodium poly(-
styrene sulfonate) (1–5 wt.%) and silica nanoparticles (22 nm)
into hexadecane at a flow-focusing junction. Nucleation and
growth of polymer-silica composite droplets, using ethyl acetate
as the extraction solvent at high Péclet numbers, resulted in drop-
let solidification into capsules with isotropic and anisotropic
shapes and internal morphologies from nucleated to bicontinu-
ous structures. Upon immersion in water, the capsules exhibited
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directional, pulsed release of micrometer-scale nanoparticle clus-
ters. The release profile and timescale could be tuned (e.g., by
adjusting the pH). At the same time, the scaffold remained
largely intact, demonstrating a nanocomposite packaging route
for solid payloads with programmable dissolution behavior [155].

5 | Packaging of Payloads of Various Phases

A single packaging strategy can address payloads comprisingmore
than one phase (e.g., liquid foam consisting of gas bubbles dis-
persed in a liquid phase [106] or cell cultures comprising cells
in an aqueous medium [45]) or various payloads across different
physical states. Below, we discuss representative examples of both.

5.1 | Foam Marbles

Submicrometer particles (and their aggregates) can simulta-
neously stabilize a macroscopic aqueous drop and microscopic
bubbles dispersed in the aqueous phase. The resulting object
is a foam marble, a liquid marble with a particle-stabilized foam
core (Figure 6A, i). To prepare foam marbles, Aono et al. used
poly(styrene) particles (diameter ~ 410 nm) stabilized with
poly(N, N-diethylaminoethyl methacrylate) chains. An aqueous
particle dispersion at pH 10 was first mixed with air to form a
particle-stabilized foam of polydisperse bubbles (diameters ~ 70–
880 μm; Figure 6A,ii). Then a drop of this foam was rolled onto a
dry bed of the same particles, resulting in ~ 5mm foam marbles
(Figure 6A,iii). This air–water–air dispersed structure featured
dry particles adsorbed at the foam drop surface as ~ 20 μm large
aggregates. Air pockets trapped within this rough aggregate-
based coating generated a hierarchical roughness and high liquid
repellence, despite the intrinsically hydrophilic primary nano-
particles. This behavior was consistent with a metastable
Cassie–Baxter wetting state. In contrast, particles adsorbed at
the bubble air-water interface, responsible for stabilizing the
foam, were described by a Wenzel-type wetting state. Foam mar-
bles were easy to manipulate (Figure 6A,iv) and, upon drying,
retained a porous internal structure (Figure 6A,v). These features
make them attractive as soft, multicomponent packaging plat-
forms for handling gas payloads or as porous materials for cos-
metics, food manufacturing, and personal care formulations [67].

5.2 | Capillary Containers

Zhang et al. introduced “capillary containers," a packaging con-
cept based on 3D fluid interfaces that could be manipulated in a
programmable manner using external fields. Capillary containers
were fabricated by attaching steel microbeads (diameter 500 μm)
onto the vertices of 3D-printed resin polyhedral frames
(Figure 6B,vi). Permanent magnets mounted on a motorized
translation stage were used for contactless magnetic manipula-
tion. By engineering the wettability of the capillary container,
one fluid (fluid 1) could be trapped in another immiscible fluid
(fluid 2). The authors demonstrated water payloads (fluid 1) in air
(fluid 2), air in water, water in oil, oil in water, ethylene glycol in
air, air in ethylene glycol, ethylene glycol in oil, and oil in ethyl-
ene glycol (Figure 6B,vii-x). Container sizes (~1.2–4.6 mm) were
tuned to package liquid payloads of various volumes (Figure 6B,
xi). By varying the frame geometry, liquid packages with complex

shapes were produced, such as pyramids, prisms, various polyhe-
dra, and buckyballs (Figure 6B,xii) [68]. Beyond shape and phase
diversity, capillary containers also exhibited rich dynamic func-
tionalities (e.g., field-directed transport and controllable release),
which are discussed in more detail in Section 6.3.

5.3 | Water-Templated Superglue Films

Jampani et al. developedWRAPPINGS (Water-based, Room tem-
perature, Atmospheric Pressure Polymerization of INstant Glues
controlled by Surfactants), which uses water-templated interfa-
cial polymerization of cyanoacrylate to generate poly(cyanoacry-
late) films on liquid interfaces. WRAPPINGS relies only on
water, a surfactant, and a cyanoacrylate monomer, and poly(cya-
noacrylates) are biocompatible and biodegradable; this provides
an eco-friendly route to prepare thin polymer films with precisely
engineered microscopic and macroscopic properties. In a typical
process, the free surface of an aqueous phase containing cationic
surfactants is exposed to cyanoacrylate vapor (Figure 6C, xiii).
Interfacial OH--groups initiate anionic polymerization, resulting
in long poly(cyanoacrylate) chains confined to the interface.
Electrostatic attraction between the surfactant head group and
the oppositely charged active poly(cyanoacrylate) chain modu-
lates growth rate. The surfactant-decorated water surface tem-
plates polymerization, and polymer chains aggregate into a
continuous film covering the entire free surface. This strategy
packages liquid, gas, and solid payloads.

Liquid of various forms, volumes, and compositions were pack-
aged with WRAPPINGS. This included sessile drops (~few μL
to ~ 100 μL) and puddles (~200 μL) on solid substrates
(Figure 6C,xiv), and larger aqueous volumes (~7.5 mL) in dishes,
where the polymer film served as a sealing cap (Figure 6C,xv).
Application to pendant drops (~10 μL) yielded self-standing,
dumpling-shaped liquid packages (Figure 6C,xvi). Payloads
ranged from aqueous solutions of surfactants, polyelectrolytes,
amino acids, salts, indicators, and dyes to samples containing liv-
ing microorganisms (Daphnia). WRAPPINGS also shows prom-
ise for packaging solid payloads: partial conformal polymer
coatings on solids of arbitrary shapes (Figure 6C,xvii) suggest that
these films could similarly wrap various other objects. Finally,
sessile and free-standing soap bubbles made from cationic surfac-
tant solutions (Figure 6C,xviii) were used as templates to package
and manipulate gas payloads. Here, the liquid film enclosing a
few to tens of mL of gas served as the polymerization template,
resulting in elastic poly(cyanoacrylate) films around gases such
as air, CO2, or air mixed with acetic acid or triethylamine
(Figure 6C,xix-xx) [24].

6 | Multifunctional and Responsive Packaging

6.1 | Edible Liquid and Gas Marbles

Kawamura et al. noted that liquid marbles based on edible, low-
toxicity particles (as opposed to, e.g., poly(tetrafluoroethylene))
could be utilized as platforms for preparing food products or oral
formulations for health care applications. They were the first to
enclose aqueous liquids using edible lipid crystals (Figure 7A, i).
In a typical experiment, a water drop (5 μL) was rolled sequen-
tially over coarse (~355–500 μm) and then finer (<180 μm) lipid
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crystal particles, resulting in a liquid marble (Figure 7A,ii).
Heating close to the melting point of the lipid crystal converted
the marble into a capsule (Figure 7A,iii). The study of liquid mar-
bles prepared with different lipids (i.e., fatty acids and triglycer-
ides) showed that the marble lifetime on a solid surface increased
with the alkyl chain length of lipids, attributed to the lower water
solubility of long alkyl chain lipids. The mechanical robustness of
stable liquid marbles was retained after transforming them into
capsules. Furthermore, liquid marbles (but not capsules) stabi-
lized with lipids having an alkyl chain with more than 16 carbon
atoms could float on water. Interestingly, fatty acid-stabilized liq-
uid marbles were pH-responsive: lower pH extended the marble
lifetime on water, whereas the stability of triglyceride-coated liq-
uid marbles was pH-independent [48].

Very recently, Mame–Khady et al. demonstrated that macro-
scopic edible particles can package non-aqueous liquids used
in the food industry. Commercial silver dragées, sugar spheres
(diameter ~ 1.9 mm) coated with a sub-μm silver layer, were
hydrophobized with edible stearic acid and used to stabilize pol-
y(glycerin) drops (~30–100 μL), forming liquid marbles. Notably,
aqueous liquid marbles could not be formed because the silver
dragées dissolved in water. Application of mechanical stress
and/or merging led to interfacial jamming of the particles; the
resulting plastic deformation of the particle-laden fluid interface
enabled the creation of non-equilibrium liquid marble shapes,
such as letters. The same particles could encapsulate other edible
liquids (e.g., poly(glyceryl monolaurate), a plant-based surfac-
tant), highlighting the potential use of this packaging method

FIGURE 6 | Examples of packaging strategies for payloads of various phases. (A) Foam marbles: a particle-stabilized aqueous foam serves as the

multiphase core, and the packaging material also consists of particles (i). Poly(styrene) nanoparticles functionalized with poly(N, N-diethylaminoethyl

methacrylate) stabilize both the microbubbles in the foam (ii) and the macroscopic foam drop (iii). Drying the foam marble (iv) and imaging its cross-

section (v) reveal a porous internal structure. Adapted with permission [67]. Copyright 2022, American Chemical Society. (B) Capillary containers as a

packaging strategy for enclosing payloads of various phases with a metallic packaging material (vi). Various fluid pairs can be packaged, such as water in

air (vii), air in water (viii), water in oil (ix), or oil in water (x). This strategy allows control over payload volume (xi) and shape (xii), including polyhedral

and buckyball-like containers. Adapted under the terms of the CC BY license [68]. Copyright 2021, Science Publishing Group. (C) WRAPPINGS: in-situ

packaging of fluid or solid payloads with polymer films formed by interfacial polymerization of cyanoacrylate monomers at surfactant-decorated water

interfaces. Applied to aqueous solutions (xiii), WRAPPINGS yields aqueous packages such as puddles supported by a solid substrate (xiv), large volumes

sealed in containers (xv), and self-standing liquid dumplings (xvi). The partial coating of a table tennis ball shows the potential for packaging solid

payloads of arbitrary shape (xvii). When applied to soap bubbles (xviii), WRAPPINGS produces solid membranes that package inert (air, CO2) or reactive

(triethylamine) gaseous payloads (xix -xx). Adapted under the terms of the CC BY license [24]. Copyright 2024, Wiley.
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FIGURE 7 | Examples of multi-functional and responsive packaging strategies applied to various payloads. (A) Packaging of liquid and gas payloads with

an edible packaging material. A water drop is coated with lipid crystal particles of two different sizes (i). The resulting liquid marble (ii) is transformed into a

capsule (iii) by melting the lipid crystals. Adapted with permission [48]. Copyright 2012, Japan Oil Chemists’ Society. Cinnamon, comprising irregularly

shaped microparticles, as the key component (along with water) of the packaging material of an edible gas marble (iv). The marble remains mechanically

stable even after water evaporation (v), thanks to the stabilizing layer of jammed cinnamon particles at the air-water interface (vi-vii). Other edible liquids can

be components of the packaging material, leading to gas marbles of interest for molecular gastronomy applications (viii). Adapted with permission [61].

Copyright 2025, Wiley. (B) Varifocal lens based on a liquid payload enclosed with an electrically responsive polymeric packaging material. A low vapor

pressure liquid drop on an electrode substrate is packaged with a thin poly(p-xylylene) film, and a nanometric Au layer is deposited onto the film (ix). Upon

application of voltage, the shape of the packaged drop is modulated, leading to a controlled variation in the focal length of the liquid lens (x), as shown by the

change of focus (xi). Adapted with permission [50]. Copyright 2008, American Institute of Physics. (C) Multi-functional packaging of various payloads via the

in-situ growth of thin poly(cyanoacrylate) films onto payloads. The transparency of the packaging material is exploited for real-time observations within

liquid packages, such as the occurrence of a chemical reaction (xii), or the movement of living organisms (Daphnia, (xiii)). The precisely controlled film

thickness offers a packagingmaterial with on-demand structural color, as demonstrated with films having a single color (xiv) or films with two-color patterns

(xv). Soap bubbles, containing a payload consisting of a liquid specimen surrounded by air, when polymerized, yield a mechanically stable and optically clear

reaction chamber (xvi). Slow dye release from a polymer-packaged solution drop (payload) into a liquid environment (xvii). Adapted under the terms of the

CC BY license [24]. Copyright 2024, Wiley. (D) Packaged complex fluid payloads serving as sensors for external perturbations via a photonic response.

Enclosing a cholesteric liquid crystalline solution of hydroxypropylcellulose with fumed silica nanoparticles leads to liquidmarbles with structural coloration.

Changes in temperature (xviii), exposure to chemicals (xix), or mechanical compression (xx) are sensed through color variations detectable by eye. The scale

bars are 5mm (xviii) and 500 μm (xix-xx). Adapted under the terms of the CC NC license [35]. Copyright 2020, Wiley.
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in molecular gastronomy applications. The macroscopic size of
these liquid marbles makes them visible to the naked eye, and
their texture contributes to sensorial perception of the package.
These important features were demonstrated by a honey liquid
marble, used as an edible decorative element on a cake [156].

Mukai et al. showed that cinnamon can act as a robust edible pack-
aging material for producing ultra-stable gas marbles. These mac-
roscopic air payloads were packaged in an air environment using a
hybrid packaging material comprising irregularly shaped cinna-
mon particles (needle-like, average diameter ~ 160 μm) and var-
ious edible liquids. Note that hydrophilic cinnamon particles
were used as received, thus eliminating the constraint of chem-
ical treatment typically required for hydrophilic particles. To
produce a gas marble, the authors first prepared a thick particle
raft by depositing dried cinnamon on water. Quickly after this
step (i.e., before the cinnamon particles were wetted by water),
an air bubble was injected below the air-water interface and was
manually moved around to promote spontaneous particle
adsorption at the bubble surface, resulting in gas marbles with
diameters 2.4–7.2 mm (5–200 μL) (Figure 7A,iv). Cinnamon-
stabilized gas marbles remained intact after being transferred
onto hydrophilic glass or when moved by air blowing.
Remarkably, even after complete evaporation of the liquid com-
ponent, the dried gas marble could maintain its 3D structure for
more than a year (Figure 7A,v). Heating or cooling (−25°C–
150°C) of these stable gas marbles did not disrupt the shell
structure. This exceptional mechanical stability was attributed
to the thick layer of jammed particles at the gas marble surface
(Figure 7A,vi-vii). This network of interlocked particles was fur-
ther reinforced during drying because mechanical compaction
led to an increased packing density. Gas marbles incorporating
various edible liquids (milk, coffee, vinegar, soy sauce) in their
shell were used to decorate hot dishes and desserts (such as
meat or cake (Figure 7A,viii)) [157].

6.2 | Liquid Packages With Optical/Photonic
Functionality

Binh–Khiem et al. used drops packaged by polymer films as liq-
uid lenses with electrically tunable focal length. The main ele-
ment of the lens was a sessile drop of non-volatile liquid
(glycerin, liquid paraffin, silicon oil) sitting on glass with a pat-
terned indium tin oxide (bottom electrode). The drop was
enclosed with a thin poly(p-xylylene) film, created by chemical
vapor deposition at room temperature under vacuum. The film
thickness could be varied from 0.1 to ~1 μm, and the low surface
roughness (~2 nm) ensured high optical quality. Packaged liquid
drops could be up to 30mm in diameter, much larger than the
capillary length. Furthermore, a 5 nm-tick Au layer was depos-
ited onto the polymer, serving as the top electrode (Figure 7B,ix).
When voltage was applied, electrostatic attraction between the
electrodes competed with the elastic response of the film, dictat-
ing the shape of the liquid lens, which in turn determined the
focal distance (Figure 7B,x-xi). The application of 150 V on a liq-
uid lens with 1mm diameter and 60 μm height resulted in 20%
reduction in the (initial) focal length; shape changes were repeat-
able and reversible. The fabrication of single liquid lenses with
microscopic to macroscopic sizes (diameter 20 μm–30 mm), as
well as lens arrays has been shown [50].

At a much larger length scale, packaging of nonvolatile liquids
with thin metallic layers has been explored as the basis for a
Lunar Liquid Mirror Telescope, an instrument that could be
potentially installed on the Moon. This groundbreaking concept
combines the absence of mechanical parts with significantly
lower mass (i.e., lower shipping costs), compared to glass-based
telescopes. Two key requirements for the liquid are low vapor
pressure and low freezing temperature, so that the material does
not evaporate in high vacuum and remains liquid under very low
temperatures. To meet these needs, Borra et al. used the ionic
liquid 1-ethyl-3-methylimidazolium ethylsulfate as the core
liquid-payload. Metallic films used as a packaging material were
deposited under vacuum to impart high reflectivity. First, silver
was directly deposited onto the ionic liquid, which led to reflec-
tive films comprising Ag nanoparticles (diameter ~ a few tens of
nm), resulting in infrared reflectivity (> 60%). However, the ten-
dency of Ag diffusion into the ionic liquid limited the ability to
obtain thick-film coatings. To overcome this, the authors ini-
tially deposited a Cr film (5 nm thickness) onto the ionic liquid
before depositing an additional Ag layer (30 nm thick). The
infrared reflectivity of the liquid enclosed with this compound
metal packaging material was significantly improved compared
to the Ag-coated ionic liquid. The combination of high optical
quality, reflectivity, and environmental robustness of metal-
coated ionic liquid highlighted the potential of this packaging
strategy [55].

6.3 | Other Multifunctional Packages

Capillary containers (Figure 6B) offer another route to multifunc-
tional packaging, where payload handling is coupled to con-
trolled release. Zhang et al. showed that such containers,
assembled from magnetically responsive microbeads, exhibit
multiple modes of motion (e.g., flipping, rotation, translation).
The motion could be tuned by adjusting the distribution of
the microbeads and the motion of the applied magnetic field.
These dynamic responses were exploited to demonstrate selective
operations with sample fluids at various (immiscible) fluid envi-
ronments. For instance, utilizing the appropriate surface modifi-
cation, a capillary container could pick up gas bubbles in water or
collect water droplets in oil. Such responsive packaging material
was used to show different chemical reactions, such as the cata-
lytic decomposition of H2O2 in oil, an organic (addition) reaction
in oil, and a multistep reaction (powder dissolution in a solvent,
precipitation, and transport of products -as reactants- between
steps). A capillary container was also used to package an aqueous
CaCl2 solution in a sodium alginate bath. Interfacial gelation
driven by physical crosslinking of the alginate chains by the
Ca2+ ions, yielded a porous membrane shell enclosing the core
liquid. To investigate the potential of this core–shell structure in
drug delivery and release applications, the authors first dissolved
riboflavin in the CaCl2 solution, which was then packaged as
described above. The dynamic release of riboflavin into a water
bath was studied under different pH conditions [68].

6.4 | Packaging of Living Cells

The packaging of complex fluid payloads comprising cells and
their culture medium is a topic of broad interest, from
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fundamental understanding of cell dynamics to tissue engineer-
ing, with many scientists focusing on repairing or replacing dam-
aged organs. Several approaches have been implemented to
achieve this goal. For example, cell arrangements and the forma-
tion of topological structures on functional planar polymer sur-
faces [158, 159], hydrogels [160], shape-memory scaffolds [161],
and many other systems [27] have been investigated. In all cases,
the packaging material must act as a replacement for the extra-
cellular matrix; thus, the enclosed cells (payload) have access to
nutrient flow, native growth and proliferation conditions, gas
flow, waste excretion, and appropriate mechanical and biochem-
ical cues.

Tan et al. utilized a microfluidics approach to package cancer and
yeast cells in lipid vesicles. Cells were emulsified in a liquid lipid
phase consisting of phospholipids and oleic acid, before exposure
to an aqueous ethanol solution. Ethanol extracted in water pro-
moted the removal of oleic acid and drove insoluble phospholi-
pids (both ethanol-soluble and -insoluble phospholipids) to
reassemble into stable giant vesicles. This solvent-free process
produced cell-laden vesicles within minutes, maintained cell pay-
load viability, and allowed for limited ion exchange, with vesicle
stability exceeding 26 days [162]. Similarly, He et al. used a T-
junction microfluidic channel coupled with optical trapping to
selectively encapsulate a single cell or even mitochondria into
pL to fL aqueous droplets. A nanosecond-pulse laser was used
to rapidly induce cell photolysis, supporting single-cell enzymatic
assays, which illustrated how packaging living-cell payloads at
small volumes facilitates precise measurements at the single-cell
level [163]. As a matrix-based alternative, Utech et al. produced
highly monodisperse, structurally homogeneous alginate micro-
gels by separating droplet formation from gelation. Here, droplet
microfluidics generated aqueous droplets containing alginate
and a water-soluble calcium-ethylenediaminetetraacetic acid
complex in the oil phase. Later, Ca2+ ions were released by add-
ing acetic acid to the oil, promoting uniform crosslinking of algi-
nate. Single mesenchymal stem cells encapsulated in these
microgels remained viable, with cell growth and proliferation
monitored over a 2-week period, providing a controllable 3D
microenvironment with continuous access to nutrients [164].
Lastly, even more complex microfluidic designs have been used
to package and sort cells using piezoelectric elements within the
channels [165].

TheWRAPPINGSmethod is a prominent packaging strategy that
combines straightforward implementation with precisely con-
trollable packaging materials, providing additional functionali-
ties (Figure 7C). Thin poly(cyanoacrylate) films grown from
monomer vapors exhibit high uniformity (<2% thickness varia-
tion over 1 cm2 area) and low roughness (~4 nm), leading to
transparent coatings allowing observation of the enclosed pay-
load with the naked eye (see chemical payload in Figure 7C,xii)
or via microscopy (biological payload, Figure 7C,xiii). A well-
defined growth rate of ~8 nm/min permits an accurate control
of the thickness of the packaging film by adjusting the reaction
time. Tailoring this microscopic property, in turn, leads to tai-
lored macroscopic properties. For example, modulating the
thickness leads to films with a single, uniform interference
color that is tunable (Figure 7C,xiv) or complex color patterns
(Figure 7C,xv). The mechanical properties of films can also be
tuned. For example, a liquid dumpling is formed when a sessile
drop is enclosed by a poly(ethyl cyanoacrylate) shell with a

Young´s modulus high enough for handling the liquid payload
with tweezers. At the same time, the polymer film is sensitive
enough to mechanical stress, allowing film breaking and merging
of the dumplings; this allows ingredients to mix and realize a
chemical reaction (Figure 7C,xii). This is a demonstration of
on-demand reaction chambers, prepared in a Do-It-Yourself
fashion (Figure 7C,xvi). Permeability can also be engineered
by adjusting thickness: A sufficiently thick poly(butyl cyanoacry-
late) film enclosing a drop of aqueous dye solution could keep the
drop intact upon water immersion, whereas thinner films
enabled dye release over days [24].

Anyfantakis et al. demonstrated another multifunctional pack-
age by enclosing a mechanochromic material inside liquid mar-
bles. Liquid marbles were used here as miniature platforms to
drive the self-organization of hydroxypropylcellulose into a cho-
lesteric liquid–crystalline phase with a programmable structural
color. The optical periodicity (cholesteric pitch) of the structure is
the distance along the helix required for the liquid crystal direc-
tor to make a complete 360° rotation, which defines Bragg’s
reflection window (birefringence * pitch). Drops of aqueous
hydroxypropylcellulose solution, with a polymer concentration
in a regime where an isotropic and a cholesteric phase coexist,
were rolled onto hydrophobic silica nanoparticles. Here, the role
of nanoscale particles was also to reduce light scattering, ensur-
ing a transparent marble. Controlled water extraction into a
known volume of dry organic solvent increased the polymer con-
centration to within the cholesteric regime, yieldingmarbles with
macroscopically homogeneous structural color. The hydroxypro-
pylcellulose concentration set the Bragg reflection photonic
bandgap. Interestingly, these complex fluid payloads behaved
as millimetric soft sensors that responded to different external
stimuli with visible color changes to the naked eye, in real time.
Heating induced a red shift and cooling a blue shift in the
reflected color (Figure 7D,xviii), and mechanical compression
caused a blue shift (Figure 7D, xx). These responsive liquid pay-
load packages also could detect methanol in their environment
by exhibiting a blue shift (Figure 7D, xix) [35].

6.5 | Toward Functional Packaging at
Large Scales

Functional packaging concepts can, in principle, be extended far
beyond the microscale; for instance, they may address challenges
at architectural and infrastructural scales. An interesting exam-
ple is the concept of enclosing (either in part or entirely) build-
ings with a packaging material that provides, in real time,
information about their structural health. Čamo et al. explored
mechanochromic coatings based on cholesteric liquid crystal
elastomers for structural health monitoring of buildings. They
formulated a liquid coating that could be directly painted onto
construction materials and converted into a cholesteric liquid
crystal elastomer via self-assembly combined with photopolyme-
rization. The resulting elastic/rubbery coating served as a mecha-
nochromic strain sensor that responded to strain by changes in
structural color arising from the periodic internal cholesteric
structure, analogous to the photonic response of cholesteric liq-
uid marbles [35]. When applied to extruded poly(styrene) insu-
lation panels, aerated concrete bricks, or reinforced concrete
beams, the coating enabled visual detection of crack formation,
growth, and closure. Local color changes encoded information
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about crack shape, size, and propagation path. Simple imaging
provides qualitative data, with spectrophotometry providing
quantitative strain measurements. The authors argue that such
coatings could offer cost-effective, scalable solutions for building
maintenance and repair [166]. Although this lab-scale research
involved coating only the structural elements of buildings (i.e.,
partial packaging), it is conceptually plausible to imagine a whole
construction (i.e., very large solid payloads) being packaged with
this responsive packaging material to provide continuous, dis-
tributed strain sensing at the building scale.

7 | Current and Future Challenges and
Opportunities

Despite remarkable advancements in packaging technology, sev-
eral pressing challenges remain to be addressed. Below, we iden-
tify six areas where existing packaging strategies may be
strengthened, or entirely new concepts may be required. We view
these challenges as exciting opportunities for future research and
development, and we discuss some directions that may be fol-
lowed to fulfill these needs.

7.1 | Interfaces and Payload–Packaging Material
Interactions

At the payload length scales considered here (roughly ~ 100 μm–

1 cm), interfacial phenomena (e.g., adsorption, wetting, capillar-
ity, charge accumulation) are central to packaging formation and
performance, either alone or coupled with bulk transport phe-
nomena (e.g., diffusion, flow). Interfacial phenomena determine
payload-packaging material interactions, and they must be favor-
able for packaging to occur in the first place [103]. Moreover, they
regulate the interactions between the packaging material and the
surrounding phase. These interactions are critical for both cases,
where the payload must be hermetically sealed to prevent inter-
action with the environment [41], or when controlled payload
release is desired, even in an anisotropic manner [58].

Chemical and physicochemical interactions between the payload
and both the packaging material and the environment are
equally critical. First, all materials involved must be chemically
compatible to avoid unwanted reactions. Additionally, physico-
chemical interactions between these materials are also critical
because they may, for example, control structure formation.
De Luna et al. discussed initiated chemical vapor deposition onto
liquids, analyzing how interactions between deposited polymers
and the liquid substrate govern the morphology of the resulting
material. Monomer solubility in the liquid substrate determines
where polymerization occurs and the polymer material structure.
Insoluble monomers react at the liquid-gas interface, resulting in
a polymer film. Soluble monomers polymerize at both the free
interface and in bulk, leading to a material comprising both poly-
mer and (substrate) liquid. The spreading behavior of the poly-
mer at the fluid interface dictates whether continuous films or
discrete particles form. Positive spreading coefficients lead to
polymer films, whereas negative spreading coefficients result
in polymer chains aggregating at the fluid interface, typically
yielding polymer particles. Monomers that undergo crosslinking
may add further control by bridging adjacent chains and giving
rise to a microstructured polymer film. The structure of the

crosslinked polymer network is also affected by chain diffusion
and aggregation, as shown by the influence of substrate viscosity
on film roughness [167].

This discussion illustrates the key role of both physical and
chemical interactions in packaging at the scales considered here.
A solid understanding of these effects enables engineering of
payload–package–environment couplings to meet specific func-
tional requirements. As discussed in the following, these interac-
tions span multiple characteristic length scales, linking nanoscale
processes to mesoscopic and macroscopic performance.

7.2 | Multiscale Integration

At the atomic/molecular scale, chemistry dictates solubility and
chemical compatibility. At the molecular-to-mesoscopic scale,
physicochemical interactions like adsorption or polymer–solvent
affinity govern stability and morphology. Multi-scale processes
are also critical. Wetting and capillarity depend on molecular-
level surface energies but manifest at the mesoscale, e.g., in
the shape of drops. Bulk processes like flow and diffusion depend
on nanoscale permeation pathways, yet define macroscopic pack-
aging performance. Packaging at ~ 100 μm–1 cm thus inevitably
involves the coupling of processes across this hierarchy of scales.
The challenge, and opportunity, is to exploit this coupling delib-
erately, so that structural features and functionalities at one scale
reinforce or complement those at others.

Several examples already discussed here illustrate how packaging
strategies inherently integrate across scales. Liquid marbles [31]
provide a representative case: their stability relies on the surface
chemistry of individual particles at the nanometric scale, which
defines their wettability and thus affinity for the fluid interface.
Particles with suitable wettability spontaneously adsorb and self-
organize into a quasi-2D layer at mesoscopic scales, which serves
as the packaging material enclosing a macroscopic liquid pay-
load. In contrast, in-situ polymer synthesis (e.g., chemical vapor
deposition [102] or interfacial polymerization [24]) exemplifies a
chemical route to multiscale integration. Here, molecular-scale
reactivity and transport of monomers dictate where and how
chains form, while mesoscopic phase separation determines
whether the growing material consolidates, e.g., into films or dis-
persed particles [102]. The final packaging materials, often con-
tinuous macroscopic membranes, directly reflect this interplay of
nanoscale chemistry and mesoscale dynamics. These bottom-up
approaches are complemented by top-down strategies, such as
micro- [58] and macro- [68] fabrication. In these cases, physico-
chemical phenomena involving properties at the nano- and
micrometer levels (e.g., magnetism [58] or interfacial energy
[68]) are deliberately harnessed to impose structure and function
at the device or centimeter scale [66, 168]. Together, these exam-
ples emphasize that no single scale is sufficient to explain or con-
trol packaging phenomena: effective engineering requires
integrating atomic, molecular, mesoscopic, and macroscopic pro-
cesses within a coherent framework.

Despite these opportunities, challenges in multiscale integration
into robust packaging strategies persist. A first difficulty arises
from the lack of direct transferability between scales: nanoscale
interactions often display emergent behaviors at mesoscopic or
macroscopic levels that are challenging to predict quantitatively.
For instance, the same surface modification modulating wetting
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at the particle scale may lead to undesirable aggregation or phase
separation at larger scales [169]. A second challenge stems from
the competition between the characteristic timescales of different
processes. Polymerization, diffusion, and interfacial self-assem-
bly rarely occur in synchrony [24], and controlling one process
without perturbing another remains nontrivial. Additionally,
integrating bottom-up with top-down strategies requires recon-
ciling fundamentally different design philosophies: One exploits
spontaneous processes, and the other imposes external order.
Finally, the inherent heterogeneity of many packaging systems,
often involving soft matter, multiphase environments, and
dynamic interfaces (Table 1), further complicates scaling laws
and predictive modeling. Yet, these very difficulties highlight
avenues for innovation. Advanced experimental techniques are
increasingly capable of resolving dynamics across multiple scales,
revealing how molecular events cascade into macroscopic behav-
ior [170]. Similarly, multiscale simulation frameworks bridge
atomistic descriptions with continuum models, providing
unprecedented predictive power [171]. From a materials engi-
neering perspective, programmable and stimuli-responsive sys-
tems open the door to packaging materials that actively adapt
their interactions across scales rather than passively inherit them
[172, 173]. Thus, while multiscale integration remains a chal-
lenge, it also represents fertile ground for breakthroughs that
could redefine how payload packaging is conceived and imple-
mented, as discussed below.

7.3 | The Concept of Smart Packaging

Packaging in the food and pharmaceutical industry ensures prod-
uct quality and safety. This and other types of current industrial
packaging are thus largely neutral, enabling basic containment
with minimal functionality, e.g., transparency to allow visual
inspection. At the length scales considered here, such single func-
tionalities are often integrated into the packaging material,
enabling applications like lab-in-a-drop platforms [51].
However, more advanced goals require packaging capable of
communicating payload state in real time, e.g., through respon-
sive indicators of freshness, contamination, or structural integrity
[29, 146, 147, 154]. This is especially relevant for high-value pay-
loads, such as high-cost active ingredients in drugs. Although
multifunctional or responsive strategies exist (Table 1), they
are typically limited to a single, pre-engineered task (e.g., one-
time-use pH-responsive gas marbles [39]) and cannot be modi-
fied after fabrication. In Section 1, we introduced smart packag-
ing, a concept that would exploit the highest level of complexity
to deliver the highest level of usability.

Smart packaging aims to overcome these limitations by integrat-
ing multiple functionalities and adaptive responsiveness in a sin-
gle system. It may emerge by combining multiple functionalities
and responsiveness (to either payload- or environment-related
stimuli), in a single platform. Some elements of this concept have
been separately demonstrated. Responsiveness has been inte-
grated using stimuli-responsive packaging materials; examples
are magnetically actuated liquid marbles [85], pH-sensitive gas
marbles [39], or voltage-controlled liquid lenses [50]. The moni-
toring of structural health with responsive coatings of liquid crys-
tal elastomers can be extended to a truly smart packaging cargo
platform [166]. A water-soluble nanocomposite ink label allow-
ing for real-time cargo tracking via an easily readable colored QR

code that also contained concealed anti-counterfeiting elements
was recently developed by nanoimprint lithography. The struc-
tural color of the material was due to self-organized hydroxy-
propyl cellulose; TiO2 nanoparticles were added to increase
the refractive index. The color change, visible to the naked eye,
in 300 nm-thick QR codes indicated the humidity levels experi-
enced by packaged fruits. This sensing enables the realization of
sustainable cargo labeling, directing up-to-date product informa-
tion even on commercial plastics [174]. Photonic liquid marbles
also undergo color changes in response to thermal, mechanical,
or chemical stimuli; however, the visible color change originates
from the responsive complex-fluid payload, whereas the packag-
ing material remains passive [35].

Despite the progress to date, combining multiple responses in a
single packaging system remains largely unexplored. Implement-
ing materials -either in the payload or packagingmaterial, or both-
that combine optical, thermal, mechanical, or barrier functions
with responsiveness (pH, light, fields, mechanical stress) is a
key step toward smart packaging. Soft materials, characterized
by pronounced response to small perturbations, offer unique
opportunities in this context. The numerous examples of soft mat-
ter engineering to make materials with multiple functionalities
and responsiveness highlight many interesting possibilities.
First, soft materials can reconfigure or change shape [69, 70].
This dynamic property could be exploited for designing packaging
materials that can change in time (responding to growth, pressure,
or environmental cues), to accommodate payload needs (e.g.,
expandable capsules, tunable permeability, self-healing barriers).
Second, some soft materials, like polymers, can self-heal [175].
This could be exploited to engineer packaging materials that main-
tain integrity even after transient damage, ensuring payload safety.
Third, some soft materials can self-report [71]. This could add
another dimension to smart packaging by developing advanced
packaging materials able to regulate the internal payload environ-
ment autonomously, without user intervention. These properties
suggest that soft-matter-based smart packaging can go beyond
single-use, single-function systems toward adaptive, multifunc-
tional platforms capable of dynamic interaction with their payload
and environment.

7.4 | Packaging for Extreme Environments

An additional challenge in packaging development is to engineer
materials that remain reliable under conditions far harsher than
those encountered in everyday applications. An example of an
extreme terrestrial environment where packaging is essential
for critical technology to function is solar energy generation in
deserts. Despite energy abundance, dust accumulation severely
degrades photovoltaic panel performance. Particulate accumu-
lation on sensitive interfaces (e.g., optical elements, electrodes)
of various devices is a common problem leading to gradual per-
formance loss. Conventional dust mitigation relies on mechan-
ical cleaning or sacrificial coatings, both of which are
unsustainable under continuous exposure. Advanced soft mate-
rials offer a more resilient route, as exemplified by coatings
based on polymerized liquid crystals, where surface topography
changes upon electric field application. The resulting vibrations
transport dust and debris across the coating and eventually
remove them, providing self-cleaning functionality under both
dry and humid conditions [176].
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A striking example of an extreme extraterrestrial environment
where dust effects are also pronounced is the Moon. Lunar reg-
olith, the electrostatically charged granular material covering the
lunar surface, adheres strongly to numerous surfaces, threaten-
ing astronaut health and impairing sensitive instruments like
optical detectors [177]. NASA’s Artemis and CNSA’s China
Manned Space Program aim to return humans there, an ambi-
tion calling for infrastructure and habitat development. Hence,
packaging materials that suppress regolith accumulation onto
humans or instruments (e.g., protective coatings on astronaut
suits and devices, respectively), ensuring mission safety and
success, will play a central role. Concepts from interface science
are also useful here: the Lotus leaf, with its dual-scale roughness
and low-surface-energy, exemplifies how natural designs
achieve extreme repellency, inspiring synthetic analogs for
dust-mitigating coatings and membranes suitable for space
applications [178].

The above discussion highlights the need for packaging systems
that combine functionality with robustness to survive extreme
conditions. Any materials used in space applications must be
resistant to extreme temperatures (and temperature variations),
ultrahigh vacuum, radiation of various types (e.g., UV photons,
hard X-rays, particles), and micrometeoroid impact [179]. While
such requirements are well recognized at large scales (e.g., devi-
ces and infrastructure), the same needs apply at the much smaller
scales considered here. For instance, samples collected in space
and returned to Earth must be enclosed within packaging that
can withstand extreme mechanical and environmental stresses;
currently, such missions rely on highly complex and costly pro-
tocols [180].

Soft matter may provide the basis for resilient materials capable
of addressing the above challenges, both in space and terrestrial
settings. Self-healing polymer systems may be used to mitigate
damage from micro-meteoroids, e.g., encountered in sample-
return missions. A liquid healing agent may be employed as
an additive, resulting in a material capable of only single healing
events; however, the liquid must be compatible with the harsh
conditions encountered [55]. Alternatively, healing functionality
can be embedded directly in a polymer network via reversible
chemical or physical bonds, leading to a system capable of recov-
ering from transient failures several times [181]. Concerning UV
radiation, polymers and composites employing organic UV
absorbers and inorganic nanoparticle fillers can absorb harmful
radiation while preserving mechanical and optical integrity.
These materials offer a route to resilient packaging for safeguard-
ing sensitive payloads under prolonged irradiation and harsh
thermal cycling [182]. Finally, polymer-based systems such as
epoxy–cyanate ester blends, bioderived high-glass transition
epoxies, and phthalonitrile resins show that tailored network
rigidity and elevated glass transition temperatures can maintain
structural integrity well above 200°C [183]. These advances illus-
trate how materials, originally developed for other applications,
in this case high-temperature electronic and power-module
encapsulation, can be translated into robust packaging strategies
capable of tolerating extreme environmental conditions.

These examples demonstrate how soft materials can be engi-
neered to form the basis of robust packaging strategies suitable
for extreme environments. At the same time, these strategies
emphasize the importance of designing solutions that are not
only technically effective but also practical and scalable, paving

the way for accessible packaging approaches that combine per-
formance with ease of implementation. In spite of their potential,
soft materials also have limitations, particularly when space tech-
nologies are considered. Polymers in particular, due to molecular
mobility, low thermal stability, and susceptibility to bond scis-
sion, are far more vulnerable than hard materials like metals
or ceramics. Severe thermal swings induce embrittlement, creep,
and cracking; ultrahigh vacuum drives outgassing and loss of
plasticizers; high-energy radiation causes chain scission, cross-
linking, and optical or mechanical degradation. Furthermore,
micrometeoroid impacts can readily penetrate or erode polymer-
based components due to their low density and low modulus,
posing a major challenge for long-term reliability. Despite
these vulnerabilities, polymers remain valuable in extreme-
environment technologies when they are properly shielded,
chemically stabilized, or structurally engineered to withstand
the specific stressors in a given application.

7.5 | Accessible Packaging Solutions

The development of advanced packaging solutions often relies on
complex and costly equipment or strictly controlled conditions.
For instance, top-down strategies like metal nanocontainers [58]
require photolithography in clean-room environments. Bottom-
up approaches like physical vapor deposition of metal films [55]
or chemical vapor deposition of polymers [50] typically necessi-
tate vacuum systems; even when pressure requirements are
relaxed, elaborate instrumentation remains necessary [49].
Other strategies depend on materials not easily accessible; for
example, many chemically modified nanoparticles used to stabi-
lize liquid marbles are not commercially available or cannot be
produced at scale (Table 1), and some otherwise accessible mate-
rials rely on potentially harmful solvents [51]. While certain
packaging challenges may inevitably employ such specialized
methods, more accessible solutions are often desirable, especially
when aiming for widespread adoption.

Soft matter and interface science concepts, combined with read-
ily accessible assembly strategies, can help address these limita-
tions. Both bottom-up approaches (e.g., self-assembly, phase
separation) and top-down techniques (e.g., additive manufactur-
ing) provide practical routes to functional packaging. Electrolyte-
induced gelation of natural polysaccharides [53] or destabiliza-
tion of particle rafts at liquid surfaces [32] exploit fundamental
interfacial phenomena to package liquid payloads without
sophisticated instruments. Magnetic capillary containers [68]
illustrate how an accessible manufacturing tool like 3D printing,
combined with wettability engineering, can yield smart, respon-
sive packages capable of containing diverse liquids under differ-
ent environmental conditions. Even simpler approaches are also
possible, as shown by WRAPPINGS that requires only standard
equipment to produce, on demand, packages for liquid or gas
payloads functioning as lab-in-a-drop or lab-in-a-bubble systems.
Remarkably, besides water, only low-cost, nontoxic materials—
found even in everyday products—are used to form biodegrad-
able and biocompatible polymer films [24], demonstrating that
accessible systems can simultaneously meet performance, safety,
and sustainability criteria. Taken together with other examples
discussed earlier (e.g., biopolymers [53], bio-based nanoparticles
[66], natural granular materials [32]), they highlight a broader
advantage of soft matter: it encompasses a plethora of abundant
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materials suitable for sustainable packaging, while enabling the
integration of advanced functions like responsiveness and
sensing.

7.6 | Sustainability, End-of-Life, Scalability, and
Cost

We have so far analyzed how fundamental physical and chemical
phenomena may be engineered across length scales to design
packaging solutions with advanced features. The use of accessible
fabrication methods and materials further adds a practical
dimension to their development. However, to systematically
advance packaging solutions, performance must be comple-
mented by additional attributes increasingly dictated by environ-
mental and energy concerns, most notably sustainability and
end-of-life considerations (including recycling and degradabil-
ity). At the same time, to attract industrial interest, packaging
strategies must also be cost-effective and readily scalable.

Environmental concerns demand a shift towards recyclable, bio-
degradable, or bio-based packaging materials. Promising candi-
dates include cellulose-based films, starch-based matrices,
biopolymer composites, and clay-based hybrids, many of which
show barrier, mechanical, or optical properties relevant to pack-
aging [35, 36, 123, 152, 133, 140, 150, 153, 184]. For instance, the
use of fibrous waste cotton and pollen shells to create a fiber/par-
ticle slurry in water, ethanol, and sodium hydroxide yields a
robust bioplastic that can be reshaped simply by resoaking in
water. This eliminates toxic reagents and energy-intensive
reprocessing steps and leads to a favorable life cycle profile across
preparation, processing, and recycling [185]. Another promising
material type is transparent, low-temperature moldable plastics
based on poly(ethyl cyanoacrylate). These systems enable closed-
loop recycling with recovery rates above 90%, even when mixed
with common commercial plastics (e.g., poly(ethylene), poly(pro-
pylene), poly(styrene)) [186]. Complementary to these polymer-
based routes, hybrid systems like polymer–clay nanocomposites
also show great potential. Multilayer polymer–clay ultrathin
films prepared via solution-based assembly exhibit remarkable
gas-barrier properties while maintaining transparency, being
highly attractive for sustainable packaging applications where
both environmental compatibility and functional performance
are required [25].

To enable industrial adoption of multifunctional and smart pack-
aging, production methods must be not only innovative but also
scalable and cost-effective. Roll-to-roll coating for the continuous
deposition of cellulose nanofibers onto paperboard shows how
renewable materials can be processed at a commercial scale
while maintaining competitive costs and barrier performance
[187]. Additive manufacturing is also emerging as a versatile
route that shows promise for sustainable soft-material packaging
at scale. Ongoing research focuses on processing natural and bio-
derived polymers into various forms suitable for additive
manufacturing, such as filaments for extrusion-based 3D print-
ing, photosensitive resins and inks for vat photopolymerization,
jet printing, and direct ink writing processes, as well as powders
for selective laser sintering [188]. Digital printing technologies
further expand this toolbox: Inkjet printing is highly promising
for developing packaging materials with smart features as it can
rapidly deposit functional inks. Although more research is

required to achieve commercialization levels for this approach,
its high efficiency, low cost, and scalability show strong potential
[189]. Scaling, however, cannot come at the expense of sustain-
ability. Solutions that are “green but expensive” will remain
commercially unattractive, while unsustainable cost-cutting
undermines circularity. The most impactful strategies will thus
balance raw material cost, processing efficiency, and end-of-life
considerations, while aligning with existing infrastructure. This
balance will enable today’s lab demonstrations to evolve into
packaging platforms that are not only functional and sustainable,
but also economically competitive.

8 | Summary and Take-Home Messages

This review surveyed packaging strategies developed for macro-
scopic payloads in the ~ 100 μm to ~ 1 cm size range (~pL to ~mL
volumes), organizing the field through a framework based on
payload phase (liquid, gas, solid) and packaging function. We dis-
tinguished neutral packaging that merely contains the payload,
functional packaging that imparts properties like optical trans-
parency or controlled payload release, and responsive packaging
that adapts to stimuli, enabling additional functions like pro-
grammable release or real-time sensing. Within this structure,
we argued that future progress depends on integrating multiple
functionalities with responsiveness to create truly smart pack-
aging strategies. Our analysis identified recurring scientific and
engineering challenges, e.g., predicting and manipulating inter-
facial, mechanical, and transport phenomena across scales;
translating them into manufacturable architectures; ensuring
sustainability, recyclability, scalability, and cost-effectiveness.
Soft matter emerges as a particularly promising platform
[190, 191], offering versatile building blocks (e.g., polymers, liq-
uid crystals, colloids, gels, granular media) and conceptual
mechanisms needed to engineer macroscopic, adaptive packag-
ing platforms.

Two take-home messages emerge clearly. First, smart packaging
at these scales is intrinsically interdisciplinary: Addressing the
coupled material, interfacial, mechanical, chemical, and process-
ing requirements will require contributions from soft-matter
physics, materials science, interfacial engineering, food and phar-
maceutical technology, and manufacturing science, alongside
sustainability and regulatory expertise. Second, progress depends
strongly on open-mindedness and cross-fertilization of ideas.
Strategies can arise from diverse inspirations, whether from
nature (e.g., the Lotus leaf effect), interfacial and colloid science,
advanced microfabrication, programmable soft matter, or even
playful systems like soap bubbles. True collaboration and recep-
tiveness to ideas, regardless of origin, will be essential to advance
truly smart, practical, and sustainable packaging technologies
capable of meeting the environmental and functional demands
of future societies.

Looking ahead, the packaging field will increasingly converge on
platforms combining five key attributes identified here: (i) pre-
cise interfacial control to stabilize various payloads; (ii) adaptive
mechanical response to tolerate deformation, shock, and envi-
ronmental fluctuations; (iii) regulated mass and energy transport
for protection, release, or sensing; (iv) packaging material sus-
tainability through biodegradability, recyclability, or circular
feedstocks; and (v) compatibility with scalable manufacturing,
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from roll-to-roll processing to additive manufacturing techni-
ques. Achieving these properties simultaneously will require
(soft) materials with programmable structure and function, sup-
ported by multiscale modeling, automated formulation tools, and
closed-loop experimental design. As these systems move from
isolated demonstrations to integrated material–architecture con-
cepts, responsiveness, sustainability, and manufacturability will
need to be designed together rather than added sequentially. Soft
matter platforms are well positioned to drive this evolution, but
must be mechanically, thermally, and chemically reinforced to
survive the harsh conditions in emerging applications, e.g., those
in extreme environments. This will likely demand hybrid systems
that combine soft matter with high-performance materials like
inorganic barriers, fiber-reinforced architectures, or architected
metamaterials capable of providing toughness without sacrificing
functionality. Such synergies shall provide the foundations for
the next-generation packaging technologies across biomedical,
energy, environmental, and space applications.
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