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Abstract. Core-shell con gurations are ubiquitous in nature such as in the form of bacterial and cells.
Inspired by this, microcapsules are designed with actives as the cores surrounded by thin shells. They not only
play an increasing role as arti cial models for understanding dynamic behaviors of biological cells in ows,
but are also becoming a fundamental class of arti cial vehicles at the heart of drug delivery and release in
applications. The mechanical properties of the shells are of great importance in this context. Here, we review
recent experimental and theoretical characterizations of microcapsules, focusing on the soft and deformable
particles with liquid cores. We begin by exploring the concept and fabrication of arti cial microcapsules,
followed by a discussion of di Verent methods on the mechanical characterization of the shell.

Keywords. capsule, vesicle, RBC, interfaces, interfacial rheology, encapsulation, polymers.

Published online: 6 April 2023

1. Introduction

In nature, core-shell particles are commonly found in various forms such as bacteria and cells [1],
with scales ranging from a few nanometers up to several millimeters (Figure 1). The shell encloses
and protects the core material from the surrounding environment, while also mediates core-
environment interactions through well de ned and controllable pathways for the substance
transfer and exchange. Recently, synthetic microcapsules have attracted increasing attention
in food, cosmetics, and biomedicine applications [2—-4]. Research has primarily focused on
encapsulation techniques, development of shell materials, and assembly strategies for di  Verent
purposes [5-8]. One of the most promising use of synthetic microcapsules is the delivery of drugs
under controllable release [9]. Actives can be loaded into the microcapsules and then transferred
to the target sites. External stimuli, such as pH values [10], temperatures [11], or stresses [12-14]
are often considered as the e Vective strategies to release the contents through permeability
changes or mechanical degradation of the shell. The design of functional microcapsules for
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speci ¢ purposes requires the well-controlled and known shell properties such as the structure
and mechanical properties.

The determination of the shell mechanical properties is essential for investigating the stability
of microcapsules against the external forces, e.g., shear and stretch. A su Y ciently robust shell
is required when the microcapsules are used as microscale reactors [15]. For example, the
encapsulated catalysts or enzymes have to be protected from degradation, and retained within
the microcapsules during mixing. The shell rupture in contrast may be desired as a pathway for
eY cient and rapid release of the core materials when the microcapsules ow and deform in the
uid medium [14, 16]. The tuning of the shell properties is correlated to the preparation process
of the microcapsules [6, 17].

There are various techniques to probe the mechanical properties of the shell of microcapsules.
This review aims to summarize the principles behind these approaches as well as the conditions
of their utilization. In what follows, we begin the concept of microcapsules and their shell
deformation. Following this, we cover di Verent methods for the determination of the shell
properties, for a single microcapsule, from both the local and global deformations. In this review,
we intend to provide a summary of the most recent developments on liquid-core microcapsule
characterizations which are accessible in laboratory measurements. An in-depth analysis is
beyond the scope of this review article.

Figure 1. Scale overview of various core-shell con gurations in nature (adapted from
Ref. [18]).

2. Microcapsules: concept and shell assembly

A wide range of capsule systems has been developed and investigated for various aims in dif-
ferent communities. There is probably no clear boundary among them regarding the de nition.
However, it is generally accepted that a microcapsule has a core material which is surrounded
or coated with a continuous shell [19]. The core-shell con guration is hence the primary nature
of microcapsules. Depending on the purposes, the core materials can be liquid, solid, and even
gas (hollow microcapsules). In most cases, the shell is solid and it generally has a thickness much
smaller than the dimension of the microcapsule. The formation of the shell can be achieved by
cross-linking or physical bonding [2]. The process of preparing the microcapsules is called encap-
sulation. In this review, we limit our focus on the deformable microcapsules with a liquid content
and a thin elastic or viscoelastic shell. This type of microcapsules is often considered as a simple
physical model for understanding the dynamic behaviours of biological cells, for example Red
Blood Cells (RBCs) in the blood circulation [20—-23].

Microcapsules tend to be confused with other deformable particles, such as RBCs [24], poly-
mersomes [25], and vesicles [26] due to their resemblance [27]. We here brie y clarify theirdi  Ver-
ences in terms of the shell structure and mechanical properties. Vesicles have a membrane that
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consists of a lipid bilayer. RBCs have a spectrin network beneath a lipid bilayer with anchored
membrane proteins. This shell also called membrane has a shear resistance [28] (Figure 2a, b).
The lipid bilayers are incompressible, and thus the membrane surface area is often considered
as constant in deformation [29—31] even in the case of large deformation [32, 33]. The membrane

is more likely to bend rather than to be compressed or stretched [34]. Note that the lipid bilay-
ers in the membrane of vesicles is uid and the two monolayers can slide over each other. The
physical properties of polymersomes are close to lipid layers but with a high two-dimensional
shear viscosity. A striking di Verence between vesicles and capsules is the emergence of vortices
at the membrane of vesicles [35, 36]. Associated to this material property, microcapsules have a
reference state di Verent from vesicles.

The composite capsule shell (Figure 2c) has elastic and viscous resistances against the shear
and dilation deformations. The deformation occurs through stretching the shell at the cost of
elastic energy. The bending resistance is often neglected when studying the overall deformation
of microcapsules. However, it does play an important role in the local modulation of the shape
such as wrinkling or folding as evoked previously [18, 37]. Conveniently, the mechanical prop-
erties of microcapsules can be tunable by controlling the polymerization process which can be
handled precisely using micro uidics [6].

Figure 2. lllustration of the membrane/shell structures of (a) red blood cells, (b) vesicles,
and (c) microcapsules.

There are various well developed methods for assembling the shell of microcapsules [2].
However, if we limit ourselves to the microcapsules with uid cores wrapped by elastic shells,
the assembly process can, in general, be classi ed into two categories: polymerization/cross-
linking [38] and interaction bonding [39, 40]. Two steps are generally involved: the formation of
droplets by emulsi cation, and the shell assembly at the droplets interfaces. By stirring the emul-
sion the monomers migrate to the water/oil interface and polymerize. The droplets are stabilized
avoiding coalescence for example. The degree of interface polymerization signi cantly a  Vects
the shell mechanical properties. Typical examples are nylon capsules [41], polysiloxane micro-
capsules [42], and albumin microcapsules [17]. If oppositely charged polyelectrolytes exist in the
immiscible phases, the shell can be formed by interaction bonding such as electrostatic adsorp-
tion [6,7] and H-bonding [5,40]. The layer-by-layer (LbL) technique is introduced to precisely tai-
lor the structure and mechanical properties of the shell of the microcapsules. Additional details
on this subject can be found in recent review paper [2].

3. Shell deformation of microcapsules

From the mechanical point of view, it is more interesting to understand how the shell of a mi-
crocapsule undergoes deformation. Indeed, the deformability of the shell closely depends on the
assembly process during the microcapsule fabrication. Regarding the mechanical behaviours,
several constitutive laws had been proposed in the past decades [1]. The proper constitutive law
for a certain type of capsules could be chosen by a combination of experimental and numerical
investigations [43].
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Figure 3. An element of 2D membrane in deformation. (a) Reference shape. (b) Deformed
shape with extension ratios , 1 and , 2 under the principal tensions T1 and T».

As mentioned above, the thickness of the shell is much smaller than the capsule size, typically
smaller than 10% of the capsule radius. The transverse shear stress vanishes across the thickness
of the shell allowing the use of a two-dimensional elasticity framework. The bending resistance
is often neglected [1, 44], but essential if surface wrinkling or buckling instabilities appear [18,
37]. The shell can thus be treated as a two-dimensional membrane (Figure 3 and Figure 4),
associated to the constitutive laws or the laws of behaviours. In this framework, when stretched or
compressed, the membrane only undergoes in-plane deformation. The tension tensor T can be
decomposed into two principal directions associated to two eigenvalues  Ti and T, (Figure 3). The
deformation is simply related with two principal extension ratios by dxy =, 1dX1,dxp =, 2d Xo.
Constitutive laws give the stress-strain relationship [43,45, 46] beginning by the most classic one,
the generalized Hooke model:

Tf“;E?—i’lE,ii 1he.' 2, "~ @)
1i %°s.2
where ° g is the surface Poissons ratio, Ggthe surface shear elastic modulus. The unitis the N/m or
Padn. Indeed, Gs=Gh AEh/2(1A° ), where G, h, and E are the bulk shear modulus, the thickness,
and the bulk Young modulus (Pa), respectively. In order to recall that the non-linearities are
preserved in the strain-stress tensor, the term generalized is preferred to distinguish from the
linearized Hooke model:
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The corresponding expressions for T, can be obtained by interchanging the roles of indices 1
and 2 in the following equations. In the limit of small deformations (linear regime), all the elastic
models reduce to the Hooke model.
If the membrane material exhibits a strain-softening property, e.g., rubber-like or gelled
material, a neo-Hookean law (NH) is given by

T AE

#
G 1
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The NH law can be used to model the behaviour of an in nitely thin membrane that is
volume incompressible and isotropic, but it may not work well to model the area-incompressible

membrane [1]. A general expression of NH law is referred to as the Mooney-Rivilin (MR) law,
A !

G 1 £ a
TRE— {i 55 *A 31?2, (4)
.1, 2 .19

where 2 is a coeY cient ranging between 0 and 1. When 2 =1, itreduces to the NH law. The use
of 2 intends to compensate the area dilation by the corresponding thinning of the membrane in
deformation.
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Another law often used to model the strain-hardening material, such as RBCs membrane, is
proposed by R. Skalak et al. [47],

T TSZE,E',% 1"ac.2.2 22,17 5)
where C A£° /(1 °g) is the tuning parameter concerning the membrane area incompressibility.
For example, the RBC membrane has a lipid bilayer which is almost area incompressible but easy
to shear. In this case, the coe Y cient should be C A 1. However, in simulation, C is often equal to
1 or 10 due to numerical constraints with sometimes a global penalization of the area. Also, as for
all elastic models, the membrane uidity of RBCs is lost.

These elastic laws will show di Verences in the membrane behaviour as soon as it undergoes
moderate deformation. Detailed comparisons can be found in the references [19, 43,44, 46]. The
investigation of the overall deformed shape and the dynamics (stationary shape, oscillations,
and tumbling, etc.) has been largely performed by neglecting the bending energy. In fact, these
motions lead to deformations that exhibit an order of magnitude of the particle size. The bending
tension scales as B/ R?, while the in-plane elastic tension scales as Gs, where B EEh3/[12(1  °2)]
is the bending modulus and R is the capsule radius. The ratio of these tensions is proportional to
(h/R)? CC 1; typically, h ¥4100 nm and R %501 m for a capsule made of chitosan for example. The
bending energy has to be taken into account when the local patterns, such as wrinkles or folds,
appear [48].

Figure 4. The microcapsule shell deformations: dilation, shear and bending resistances.

4. Mechanical characterization

The determination of the mechanical properties of individual capsules is interesting to represent
the diversity of shell properties, and further to point a guide to optimize the synthetic process.
In this section, we summarize the characterization methods which have been validated for
liquid-core capsules, including plate-plate compression, local indentation, aspiration, and ow-
induced deformation.

4.1. Compression

A straightforward way to deform a spherical capsule is to apply forces on the capsule by compres-
sion [49, 50] (see Figure 5). This can be achieved by using two parallel planes in which the forces
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and moving distance are simultaneously measured. Such technique can be traced back to as early
as 1932 when Cole studied the surface forces of sea urchin eggs [51]. Later, well controlled plate-
plate compression systems have been established: see notably the works of the group of Zhibing
Zhang [52]. The capsule can be compressed at a speed as low as a few micrometers per second
with a force range from 1 N to N. Smaller capsule (in microscale) is also accessible to be com-
pressed. Imaging with the high resolution camera allows to detect the quasi-static pro le of the
deformed capsule. Multiple views make it possible to understand the origin of shell bursting dur-

ing compression [53].

In experiments, the measuring force monotonically increases with the compression [53, 54].
For small deformation (approximately below 5% deformation), the Reissner model [55] illustrates
the linear force-displacement relationship for a hollow capsule under compression. Lytra et
al. [56] recently extended the Reissner model for capsule deformation up to 50%,

F /Eq Y +3 6
“I—'—G;a az ()

where h is the shell thickness, a is the radius of undeformed capsules, + is half the value of the
distance change between the two plates. There are only two unknown parameters: the Young's
modulus E (unit: Pa) and the Poisson’s ratio ° of the shell. Generally, for polymeric capsule ° is
supposed to be close to 0.5 for the sake of simplicity (see further). By tting the experimental
data using Equation (6), the elastic modulus can be measured reliably even for a liquid-core
capsule [57]. For gellan gum microcapsules, this technique yields to measure the shell Young's
modulus ranging from 10 kPa to 50 kPa, depending on the concentration of gellan gum [57].

However, for large deformation a more sophisticated mechanical analysis has to be conducted.
Its derivation was originally performed by Feng and Yang [58]. Properties such as the shear
modulus and the dilation modulus can then be determined by combining the experimental and
numerical results [19, 53]. Capsules prepared by crosslinking human serum albumin (HSA) with
alginate [53] are found to have a surface shear modulus of Gg = 4.4 N/m for a thickness of 68 ' m
and Gg = 1.6 N/m for a thickness of 30 1 m. If the Poisson’s ratio is assumed to be 0.5, the Young's
modulus is obtained around E =3Gg/h =0.188 0.02 MPa.

Since liquid-core capsules are often immersed into another uid, it is worth to note that
low squeezing speed is preferred during compression to ensure that the equilibrium state is
achieved, and to avoid ow e Vect in each step. Nevertheless, the constant application of the
force, particularly for longer periods of time, will induce mass exchange between the interior
and exterior of the capsule, and further change the deformation response. Therefore, the osmotic
change has to be avoided by careful preparation of the microcapsules and choice of compression
speed. Another limit of the plate-plate compression method is that it may not be applicable for
small shell thickness (e.g., h <11 m) of capsules as they tend to break during compression even
for small deformation.

Figure 5. Side-view images of a capsule under the axial compression in a saline solution.
After removing the top plate, the capsule has returned to its undeformed shape. Adapted
from Ref. [54].
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4.2. Indentation

Another technique similar to the plate-plate compression is deforming microcapsule by the
use of an atomic force microscope (AFM). Di Verently, AFM indentation can apply a smaller
force ranging from pN to 1 N, which makes it possible to manipulate on much softer micro-
capsules [59]. AFM has been established in various measurements such as topography, adhe-
sion [60], and interface rheology [61]. One of the advantages of AFM is that it can directly mea-
sure the deformation (indentation displacement) and the force response with high resolution. A
typical measurement procedure can be summarized as: 1) selection of a cantilever with suitable
stiVness and tip size; 2) cantilever calibration; 3) approaching the tip towards the capsule and
measuring the curve of force versusdisplacement; 4) analysis of the force-indentation curve with
the appropriate model.

Regarding the capsule size and AFM tip type, there are two typical measurement strategies:
colloidal probe (Figure 6a) and sharp probe (Figure 6b). Both methods can induce from a small to
large deformation of the capsule shell. However, here we only summarize the small deformation
region from which we can extract the mechanical properties of the capsule shell. The indentation
is much smaller than the capsule initial size.

A simple measurement was performed by Dubreuil et al. [62] using a home-made colloidal
probe on multi-layer polyelectrolyte microcapsules. The force was observed to increase linearly
with the indentation up to 100 nm (Figure 7). The loading speed of the AFM tip seems to have no
eVect on the force-displacement curve at least up to the speed of 200 nm/s. In the linear regime,
the deformation of the capsule is reversible for several loading and unloading cycles. The slope
of the linear curve, k, can be linked to the capsule shell property, i.e. Young's modulus E by

Eh?
k A»
a

7

where h is the shell thickness, a is radius of the capswe, and » is a coeY cient that depends on
the Poisson'%ratio °, presenting the form »=1/[(1+°) 6(1; °)] for pure shear deformation; and
» = 1/[(1-°)" 6(1A°)] for pure stretch deformation. The shear deformation may occur for the
capsules assembled using the layer-by-layer (LbL) method due to sliding between adjacent layers

in deformation. However, in most cases both shear and stretch deformations are likely to happen,
and itis di Y cult to distinguish one from the other. If the Poisson's ration is taken as % =0.5, the
coeY cient » then ranges between 0.38 and 0.67, which is within the same order of magnitude.

Figure 6. Schematic of indentation on the microcapsule performed by using atomic force
microscope. (a) The capsule has a dimension smaller or similar to that of the colloidal on
the probe. The di Verent sizes of the beads can be glued onto the cantilever. (b) The AFM tip
is much smaller than the capsule dimension.

As mentioned above, the value of the Poisson's ratio °© is generally unknown except the case of
albumin capsules where the value 0.4 was determined [43]. However with a close kind of capsules
° /0.5 was also proposed using a diVerent technique proving that it is still a challenge [63].
Note that some polymer gels such as polyacrylamide have a smaller Poisson's ratio much closer
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to © /0.3 [64, 65]. Finally, some caution is needed when considering the value of the Poisson's
ratio even for cases in which we only wish to determine an approximate order of magnitude
of the Young's modulus. Extracting the slope of the force-displacement curve gives the Young's
modulus of the capsule shell (Equation (7)). As the indentation is small in the case of colloidal
probe measurement, this method is similar to the plate-plate compression in the region of small
deformation; Equation (7) has a reduced-order form of the Reissner model (without the second
term on the right side of Equation (6)) [66,67]. In literature, using this method, it is found that the
sodium poly(styrene sulfonate)/poly(allylamine hydrochloride) (PSS/PAH) capsules have a value
of Young's modulus in arange of 1.5-1.8 GPa [62].

The second measurement method is using a sharp AFM tip whichhasane Vective radius much
smaller than the capsule size. The indentation depth is generally only 1 » 2% of the microcapsule
dimension. Thus, it can be approximated to the case of a probe deforming a at membrane. The
Hertz model, taking into account the geometries of the object and the AFM tip, describes the
relationship between the force and deformation,

FA—+——¢ a°¢ 8
31, o2 ®)

where 1/a° = 1/a; + 1/as, and a; and as are the radius of the AFM tip and capsule, respec-
tively. ¢ is the indentation depth. An elastico-adhesion model, Johnson—-Kendal-Roberts (JKR)
model [68], can be used to better describe the force curves for the cases where adhesion between
the AFM tip and the sample is signi cant. A crucial point of using the sharp AFM tip measure-
ment is to ensure the local deformation of the shell, avoiding the overall nonlinear capsule defor-
mation.

Figure 7. Force-displacement curve in the small-deformation regime for a PSS/PAH cap-
sule [62]. The black curve corresponds to the loading process while the gray one is the un-
loading process.

The AFM technique is usually limited to thin microcapsule shells. The sti  Vness selection of
the AFM tip is essential to have a high sensitivity. Similar to the plate-plate compression, AFM
measurments are often performed in a liquid environment in which the movement of capsule,
such as sliding, should be prevented. The e Vect of dynamic ow should be reduced as much
as possible during manipulation. Measurements using the colloidal probe may be less sensitive
to local membrane heterogeneities, as the probe size is comparable to the capsule size, unlike
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the case of where sharp probes are used. A more recent work [69] compared the results of
Young's modulus measurements by AFM nanoindentation and compression test for melamine-
formaldehyde (MF) microcapsules. The obtained data showed that both methods give similar
results within the standard deviation.

Figure 8. lllustration of micropipette aspiration on a microcapsule. The suction pressure is
well controlled by using a precise pressure transducer.

4.3. Micropipette aspiration

Micropipette aspiration is a technique often used to obtain physical properties of biological cells

as well as arti cial capsules. A micropipette or capillary with a few micrometers in diameter is
used to aspirate an elastic capsule with controlled pressure ¢ P. A portion of the capsule shell
goes into the micropipette with a aspiration length |, (see Figure 8). The shell is assumed to be
homogeneous and incompressible, with a elastic Young's modulus E. In the elastic regime, the
shape of the deformed capsule can be linked with the shell mechanical properties by [70,71]

¢P ﬁE®EI—p, 9)
ap
where a, is the radius of the micropipette, ®is the coeY cient related to the sizes of capsule and
micropipette, and is given by ®=""4[1; (ap/a) 3]/3. The constants 1 =2.01and 3 =2.12 were
obtained numerically by Zhou et al. [72]. A course estimation of the coe Y cient can also be taken,
®¥41 [73]. The bending rigidity and the stretching elasticity can be deduced with a sophisticated
model developed by Henriksen & Ipsen [74].

The pressure control is essential in this aspiration technique. A precise pressure transducer,
e.g. micro uidic pump, is preferred but it is usually costly. Hydrostatic pressure o Vers a simple
and low-cost way to adjust the suction pressure by changing the relative height between the
micropipette head and the reservoir [71].

A close con guration is the pendant capsule, a technique called elastometry [37, 75]. A pen-
dant drop is put at the end of a capillary embedded in an immiscible solvent. The chemical re-
action between reactants in both phases takes place at the interface. When the stationary state is
reached, a small suction is applied to change the shape slightly. wrinkles appear in the part of the
membrane under compression. The measurement of the wavelength is a mean to evaluate the
bending modulus independently.

4.4. Characterization by non local stress: hydrodynamic ow

The hydrodynamic ows provide conceptually di  Verent approaches to deform microcapsules.
The ow strengthis tunable by usingdi  Verent viscosities of the external liquids and the ow rates,
i.e., shear rate and extensional rate. This approach can be performed in the linear and nonlinear
regimes of deformations. The rst one allows the determination of elastic moduli using analytical
developments. Thanks to accurate numerical codes [76—81], the nonlinear regime allows to tthe
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Figure 9. Microcapsules characterization in the con ned ow. (a) Schematic of the exper-
imental setup (from Ref. [88]). (b) The pro le of a deformed microcapsule in the capillary
ow (from Ref. [89]). L, La,Lp and L; are the geometric parameters which can be extracted
from the image. R is the radius of the channel. (c) Comparison of the experimental (dotted
line) and numerical (continuous line) pro les (from Ref. [63]).

experimental curves to deduce the elastic moduli in a large range of deformations, and it also
can help to determine the constitutive law of the membrane material. One advantage of ow is

its ability to perform the measurements automatically in batch [63, 82], pre guring applications

on a production line and live analysis. Another advantage is its ability to explore the nonlinear
regime and to provide new insights on the constitutive laws. However, as the capsule is free,
the role of a mismatch between internal and external densities due to the fabrication or the
required application becomes important. Using microgravity is an e Y cient tool to separate the
contributions of gravity from ow. Here, we discuss the main and easily accessible approaches
which can be achieved by micro uidic technigues [83, 84].

For a liquid-core capsule deformed in an external viscous ow, the jump of viscous traction
across the shell is the driving force that deforms the capsule, and is equal to the load on
the shell [1]. The shape of the capsule thus results from the mechanical equilibrium at the
interface (a coupling relation) associating the hydrodynamic stresses and the tensions in the shell
(Figure 10c).

In experiments, the external viscosity is generally high which leads to a Reynolds number Re
that is much smaller than 1: Re=%Ja/ ", where “is the external uid density, U the typical
velocity, ~ the external uid viscosity, and a the radius of the capsule. With % ¥4 10%kg/m 3,
U %1mm/s, a %100t mand ~ %100 mPat, we can obtain Re¥410i 3. Thus, experiments are often
performed in the Stokes regime where the theory has been well established [85,86]. Thanks to the
boundary integral method [87], accurate numerical models have been developed. In the regime
of small deformation, all the surface elastic models are equivalent. Otherwise, the deformation is
closely related to the constitutive laws of the shell material. This is a challenge that can only be
solved by numerical investigations.
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4.4.1. Con ned ow

The conned ow, also called channel ow, is usually achieved by injecting the diluted
microcapsules suspension through a small size channel [63, 88-90] (see Figure 9). The cross
section of the channel can be round, square, or rectangular. The static shape of the capsule in
the con ned ow is associated with the size ratio of the capsule to the channel and the ow
strength. If the microcapsule has a dimension smaller than the channel size, its shape is only
slightly deformed. However, if the size of the microcapsule is comparable to the size of the
channel, or even bigger, the shape becomes bullet-like or parachute-like depending on the ow
rate (Figure 9c).

The mechanical properties of the microcapsule are obtained by using an inverse analysis
method, a technique developed by the BMBI group [63, 91, 92]. The basic idea is to compare the
pro les of deformed capsules from the numerical model and the experimental measurement.
The initial shape of the microcapsule is assumed to be spherical with a radius  a. When it is
deformed in the channel, the geometric parameters L, La, Lp, and L, can be measured using
image processing, where L, =L - L. The con nement ratio is de ned as the size of the capsule
to the dimension of the channel, a/R. The velocity of the capsule, v, is experimentally measured
by a video recording. In the numerical calculation, a constitutive law is selected to model the
deformation of the microcapsules in the con ned ow. At steady state, the velocity and the shape
of the deformed capsule only depend on the con nement ratio a/R and capillary number Ca=
“U/Gg, where “ is the viscosity of the external uid, U is the mean unperturbed velocity of the
external liquid, and Gg is the surface shear modulus of the capsule shell.

From the numerical calculation, a database is rst created, containing the geometric charac-
teristics L/a, La/a, L,/ a and the velocity ratio v/U as function of a/R and Ca. In experiments,
the con nement ratio value a/R and the geometric lengths L/a, Ly/a and L,/a are measurable.
By comparing the con nement ratio and geometric lengths from the numerical and the experi-
mental results (where the shape should be very similar within a tolerance), thenthe  Caand v/U
can be known from the database. The shear elastic modulus is given by,

G /E’ v
s (10)
More detailed procedures are recommended to read the references [63, 88, 89, 91]

This method has the capability to measure the mechanical properties of capsules in a high
throughput with the advantage of being easily performed using a micro uidic chip. However, the
appropriate elastic model to describe the capsule shell deformation has to be chosen primarily.
For some types of capsules, the shell materials are complex and the constitutive law is unknown.
Experimental and numerical work for determining the shell model have to be done before using
this method [43].

4.4.2. Shear ow

Shear ow is another approach to deform the microcapsule. A high aspect ratio channel
or the Couette device are often used to generate the shear ow eld (see Figure 10a,b). The
hydrodynamic stresses are created by the established ow elds of the interior and exterior of
the capsule. The steady-state deformation of the capsuleisde nedas D1 =(Lj S)/(LAS), where
L and S are semi-major and semi-minor axis lengths of the deformed capsule, respectively. In the
small deformation regime, an asymptotic solution has been proposed by D. Barthes-Biesel and
co-authors [1, 44], 5 2A%. °a
2(cA1)1A°g Gg
where for the shear ow the constant ¢ =1, ° ¢ the surface Poisson's ratio, Gg the surface shear
elastic modulus, and ° is the shear rate.

D; (11)
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Figure 10. Microcapsule deformation in shear ow. (a) Approximately linear shear ow
(ROI) in a high aspect ratio channel (from Ref. [43]). (b) Schematic of the Couette-like rheo-
scope. 1—inner cylinder, 2—outer cylinder, 3—motor drive unit, 4—belts, 5—microscope
objective, 6—light source. (from Ref. [42]). (c) The microcapsule aligned and deformed in
the shear ow. The viscosity ratio between the interior and exterior is , . Images are from
Ref. [43].

The steady-state deformation (Equation (11)) of the capsule in shear ow has been veri ed by
various experimental investigations. For instance, H. Rehage and co-authors [42,93,94] measured
the rheological properties of polysiloxane microcapsules using a rheoscope setup (Figure 10b).
S. Joung et al. [95] used a similar rheoscope to extract the properties of composite microcapsules.
de Loubens and co-authors [43, 96] have reported that HSA capsules show di Verent mechanical
properties depending on the degree of the shell crosslinking. Higher crosslinking gives rise to a
larger value of the Young's modulus of the shell.

The measurement here is limited within the small deformation regime (generally Dy - 5% for
the steady-state deformation). The shear elastic modulus is extracted by plotting the deformation
versus the shear rate for individual capsules. However, the dynamics of the capsule in shear

ow are complex. The deformation may exhibit oscillation due to swinging, tumbling, or tank-
treading motions [1, 95, 96]. In practice, it is better to prevent such complex behaviors when
measuring the shell mechanical properties.

4.4.3. Extensional ow

The extensional ow is simpler than the shear ow as no tank-treading exists and as the
capsule stays at the centre during a su Y cient time to reach stationary deformations. The original
setup that produces such ow eld is the four-roll mill device developed by G. Taylor [97]
(Figure 11). The ow eld is considered as two-dimensional as no liquid ows vertically, [ Vx, Vy,
vz]=["x,-"y, 0], where " is the extensional rate. The extensional rate can be accurately controlled
by changing the rotation speed of the four rolls. At the center of the ow, the velocities Vx =Vy =V,
=0, which is called stagnation point. The eld of extensional rate around the stagnation point is
roughly constant [6, 17, 82]. To ensure the capsules are exposed to a homogeneous extensional
eld, they are generally stabilized near the stagnation point in the ow.

Chang & Olbricht [41] are probably the rst to use the four-roll mill device to deform synthetic
millimetric capsules. The steady-state deformation D1 was plotted as a function of various ow
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Figure 11. Schematic of the top view of the four-roll mill. The extensional ow eld is
generated in the center.

strain rates G. It was found that the deformation is linearly related to the strain rate, D1 =
25/2[" GR/(Eh)], where R is the radius of the capsule, E is the Young's modulus, and h is the
thickness of the capsule shell. Fitting the experimental data gives the mechanical property Eh
of the shell which is considered as the two-dimensional modulus, i.e. surface Young's modulus.
Compared to the plate-plate compression, the values of surface Young's modulus from the
extensional ow measurement are slightly higher, but they are within the same order, between
0.1-0.4 N/m for the case of the nylon capsules.

Micro uidics has been recently used to create the extensional ow eld to deform capsules [6,
17,84, 98]. The extensional rate " is easily adjustable by the ow rate. A diluted microcapsules
suspension is injected into the extensional ow chip through a syringe. Individual microcapsules
pass the stagnation point and deform. The steady-state deformation is achieved by stabilizing the
capsule near the stagnation point for a long enough period of time (Figure 12a).

Equation (11) also gives the prediction of capsule deformation in the extensional ow in the
linear regime (deformation Dj - 0.1), where the constant ¢ = 0. For a uniform and incompress-
ible shell material with Poissons ratio ° s = 0.5, the Equation (11) can be rewritten as,

25 ¥R
6Dy

Note that the Equation (12) has the same formula with the reduced order of the prediction
used in the work of Chang & Olbricht [41]. Figure 12b illustrates the linear relationship of the
deformation versus ow stress %="". The capsule with a sti Ver shell needs a larger ow stress
to be able to be deformed. By using the Equation (12) to t the experimental measurement, it
gives the surface shear elastic modulus Gs. The bulk Young's modulus E of the shell can then be
correlated by Eh A2Gg(1A° ) A3Gs.

For capsules assembled by interface complexation of chitosan and ammonium phosphatidic
fatty acid (PFacid) [6, 18, 82], the Young's modulus E ¥46.5 MPa. Whereas, for nylon capsules the
membrane Young's modulus is around 0.1 MPa, an order of magnitude lower [41]. The surface
shear modulus for chitosan capsules is invariant to the capsule size; while for HSA capsules,
it is observed to increase several orders of magnitude with the capsule size (Figure 12c). The
diVerences are due to the di Verent kinetics of the membrane formation. In the time scale of
chitosan membrane assembly (from minutes to hours), the concentrations of chitosan and the
opposite-charge surfactant both are su Y cient. The membrane growth of the chitosan capsules

Gs £ (12)
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Figure 12. Microcapsule deformation in a planar extensional ow. (a) The extensional
ow setup. Two opposite ow meet at the center of the chamber (stagnation point), fol-
lowed by owing away towards the two outlets. The capsule is deformed at the stagnation
point. (b) The steady-state deformation D1 linearly increases with the hydrodynamic stress
¥a="". Two batches of capsules (radius 102 * m) are shown here. These two batches of cap-
sules were prepared using di Verent concentrations of chitosan and surfactant (ammonium
phosphatidic fatty acid). The di Verent slopes show di Verent Gg values: 0.17 N/m for the
closed symbols, and 0.065 N/m for open symbols. (c) Surface shear modulus Gg versusthe
capsule radius for the batch of chitosan and HSA capsules. The Young's modulus for chi-
tosan capsules is E ¥16.5 MPa. (adapted from Ref. [6])

is predominately governed by the di Vusion of the surfactant where the thickness of the capsule
shell scales with time with a power of 1/2 [6, 7, 39]. In contrast, the HSA molecules are adsorbed
onto the surface and crosslinked for HSA capsules. The surface concentration of HSA increases
with the capsule size. This gives rise to higher crosslinking degree in the membrane for larger size
capsule, and consequently results in larger elasticity (i.e. surface shear modulus).

When the ow stress is high enough, the capsule is deformed without reaching a steady-state
deformation. The capsule breaks and releases the encapsulated content [14]. The critical breakup
of capsule closely depends on the surface shear modulus when this one is larger than 0.1 N/m.
While, for the small value of Gg, the critical breakup stress seems to have weak dependence of the
surface shear modulus (Figure 13). In breakup, the chitosan capsules [14] with high  Gg exhibit an
elastic-like breakage where the irregular shape is observed. Fluorescent imaging con rms that
the membrane discontinuity leads to the irregular shape in the breakup process.

Compared to the shear ow, the extensional ow results in simpler capsule motion dynamics,
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Figure 13. Phase diagram of capsule breakup in the extensional ow. The symbols } ,°
and denote no breakup, drop-like behavior (breakup) and elastic behavior of capsules
(solid-like breakup also called breakage), respectively. ¥ais the viscous stress, R here is
the radius of capsule, and Gg is the surface shear modulus. The shaded region indicates
the transition zone between drop-like and elastic behaviors breakup. Inset images are the
typical shapes observed. (from Ref. [14])

without the observation of more complex dynamics such as tank-treading, swinging, and tum-
bling [42,96,99]. The nal deformation of the capsule in ow is stable. However, it has some lim-
its during the experimental operation. One of the di Y culties is that it requires rapid adjustment
of the capsule position in ow as a small perturbation will bring the capsule away from the stag-
nation point. Moving out of a certain size of observation window [6, 17], the extensional rate
will signi cantly drop due to the walls, which should be avoided in experiments. To ensure long
observation times, a computer control with fast image acquisition and processing is therefore
needed, keeping the capsule near the stagnation point [100].

4.5. Characterization by non local stress: electric eld

Another method avoiding the contact between a probe and a capsule membrane is to apply an
external electric eld to induce the membrane deformation. It is well known that vesicles [101—
103] and droplets [104, 105] deform in DC and AC electric elds. A protocol has recently been
proposed to measure surface viscosities in such systems by imaging the relaxation of the shape
in an electric eld [106]. Contrary to membranes of vesicles and polymersomes, the capsule
membrane may be not electrically insulated, for example the albumin membrane. However, if the
internal and external uids have di  Verent conductivities and permittivities, it becomes possible
to deform the capsules using the electric eld [107—109]. This opens a new route to characterize
the membrane properties as used in vesicles. A potentially high advantage of the use of an electric
eld is the control of the location of analysis by ow, and it is also accessible to achieve high
throughput of analysis.

5. Conclusion & Outlook

The core-shell microcapsules are becoming the focus in many interdisciplinary research. The
mechanical properties of microcapsules are essential not only for the fundamental studies of
their dynamic behaviors in ow but also forthedi  Verent purposes in applications.
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In this review, we have discussed the principles of di Verent methods for characterizing mi-
crocapsules with thin shells, i.e with a thickness at least ten times smaller than the capsule ra-
dius. In this limit, the framework of two-dimensional elasticity can be used. In the linear regime,
there are three independent parameters: the Young modulus, the Poisson's ratio, and the thick-
ness. It is generally more convenient to use the surface shear modulus, the Poisson's ratio, and
the bending modulus. Due to the di Y culty in evaluating the Poisson's ratio, some authors have
used the area dilation modulus K. Some shells also exhibit a viscoelastic response as observed
in droplets [110], which leads to more di Y cult analysis by adding two additional parameters: the
surface shear and dilational viscosities. On the basis of ow method and three di  Verent kinds of
analysis [96,111,112], the shear surface viscosity has been determined with an order of magnitude
which seems reasonable at the leading order. A drawback is the necessity to know the constitu-
tive law. Unfortunately, the understanding of the nonlinear behavior (constitutive law) of shells is
still a challenge even in the simplest case, i.e. purely elastic shell. Finally, two kinds of key studies
would improve our understanding of the mechanics of shells. First, a cross-analysis comparing
the results of the di Verent techniques on the same capsules is still lacking. It prevents from de n-
ing their limits and their ranges of validity as in cell mechanics [113]. Second, a comparison with
the mechanics of at membranes measured by surface rheology tools should allow to decipher
what is a matter of capsule ( nite volume, curvature) from the general process of polymerization.
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