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• Weakly cohesive Chitosan microcapsules were deformed up to breakup in an extensional flow with orthogonal7

observations.8

• Two mechanisms of rupture regimes of microcapsules were revealed: fluid-like and solid-like behaviours.9

• The dual response of microcapsule rupture in flow is closely correlated to the shell structure.10
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18 A B S T R A C T19

20

The controlled rupture of a core-shell capsule and the timely release of encapsulated materials21

are essential steps of the efficient design of such carriers. The mechanical and physico-chemical22

properties of their shells (or membranes) mainly govern the evolution of such systems under23

stress and notably the link between the dynamics of rupture and the mechanical properties. This24

issue is addressed considering weakly cohesive shells made by the interfacial complexation of25

Chitosan and PFacid in a planar extensional flow. Three regimes are observed, thanks to the two26

observational planes. Whatever the time of reaction in membrane assembly, there is no rupture27

in deformation as long as the hydrodynamic stress is below a critical value. At low times of28

complexation (weak shear elastic modulus), the rupture is reminiscent of the breakup of droplets:29

a dumbell or a waist. Fluorescent labelling of the membrane shows that this process is governed30

by continuous thinning of the membrane up to the destabilization. It is likely that the membrane31

shows a transition from a solid to liquid state. At longer times of complexation, the rupture has32

a feature of solid-like breakup (breakage) with a discontinuity of the membrane. The maximal33

internal constraint determined numerically marks the initial location of breakup as shown. The34

pattern becomes more complex as the elongation rate increases with several points of rupture. A35

phase diagram in the space parameters of the shear elastic modulus and the hydrodynamic stress36

is established.37

38

1. Introduction39

Dispersed multiphase flows containing immiscible droplets occur frequently in nature [1] as well as in industrial40

processes [2, 3]. Artificially, to stabilize the multiphase systems, surfactants [4], lipids and copolymers [5, 6], proteins41

[7], nanoparticles [8–10] or thin membranes [11, 12] are often embedded on the liquid-air or liquid-liquid interfaces.42

Such surface agents modify the properties of the droplet interface allowing for the additional functionality and tailored43

mechanical behaviours [13, 14]. Artificial microcapsules are striking examples of such complex systems, generally44

consisting of liquid drops enclosed by thin shells, also called membrane and are widely attractive in food [15, 16],45

cosmetics [17] and biomedicine [18] applications for the controlled release of encapsulated substances [19].46

Recent advances in microcapsules focus on the development of smart system related to the precise delivery47

and release of active agents [20, 21]. External stimuli, such as environmental pH [22, 23], temperature [24], light48

[25] and stress [26, 27] are proven to be effective strategies for controlled release rate and targeted delivery of the49

encapsulated materials. In designing functional microcapsules for specific purposes, understanding and controlling50

redthe shell properties, including shell structure, permeability and mechanical properties, are crucial and fundamental.51

The mechanical aspect is obviously important for mechanical stability issues, particularly in the control of stress-52

responsive burst release. Knowing the conditions of microcapsule breakup is required for capsule design if the rapid53

release of the content is desired via breakup. The shells are typically composed of polymers [28–30] with electrostatic54

adsorption [11, 31] leading to weak cohesion and viscoplastic behavior [11, 32] or with cross-linking [33, 34] for55

example. The cross-linked membranes can also lead to capsules which can sustain extension more than 200 %56

without visible failure [35], a rubber-like behavior. In this paper, we only consider the rupture of weakly cohesive57
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microcapsules which sustain from moderate to large extensions before breaking. The capsule membrane is assembled58

via interfacial complexation using chitosan and phosphatidic fatty acids (referred to as PFacid). We study the rupture59

of Chitosan/PFacid capsules which are ductile and manifest important plasticity [11].60

Regarding this, to our knowledge the earliest experimental work on breakup of synthetic capsules was performed61

by Chang and Olbricht [36]. Millimetric nylon capsules were subjected to a counter-rotating Couette flow; the breakup62

occurred near the tip of the major axis of deformed capsules where tears were observed. Maximum extension associated63

with the thinning of the shell due to flow-induced deformation was suggested as the driving force for breakup. A similar64

phenomenon of tip-induced tears was observed much clearly with polysiloxane capsules at low density of polymers65

[32] and with inflated and noninflated human serum albumin (HSA) capsules [37]. In the last report, tears appear after66

several cycles of tank-treading suggesting a possible fatigue failure. At higher elastic capillary number, the HSA capsule67

breaks in the middle like a droplet close to the threshold. This is reminiscent of the results observed for the breakup of68

surfactant-laden drops [38]. At higher density of polysiloxane, a local breakup (failure) is potentially observed close to69

the center (the axis of vorticity) looking like a small straight line along the stretching direction [32]. Following tank-70

treading, this damaged domain rotates and experiences a temporal variation of stresses. It is challenging to characterize71

the conditions of this domain emergence and to determine how it evolves and its consequences on the capsule. Note72

that this behavior was not observed by Chang and Olbricht [36].73

Finally, these studies highlight two key elements. First, the nonlinear surface rheology plays an essential role in74

capsule breakup. Indeed, some membranes of microcapsules may undergo complicated behaviours, for example solid-75

like to liquid-like transition [39]. Second, the coupling of rotation and elongation in the shear flow leads to an additional76

complexity in capsule breakup process.77

Differently to shear flow, microcapsules exposed to extensional flow [11, 34] do not exhibit complex dynamics78

[40–42], which allows us to understand the mechanism of breakup in a simpler way. In the extensional flow, an initially79

spherical microcapsule is observed being stretched in the extensional direction and compressed in the perpendicular80

direction by the hydrodynamic stress; a pancake-like shape occurs [35]. At steady state, the hydrodynamic stress is81

balanced by the shell deformation which remains motionless. The internal liquid thus also remains motionless; viscosity82

ratios (internal to external liquids) do not play a crucial role contrary to the case of droplets [38]. This type of load offers83

a promising strategy for studying microcapsule breakup process. Indeed, this flow configuration has been previously84

applied to droplets and viscoelastic flows [43–45].85

In this work, we experimentally investigate the breakup of microcapsules with well-controlled and tunable86

shell rheological properties in a planar extensional flow. The objective is to understand the breakup mechanism of87

microcapsule submerged in another viscous fluid and the correlation with the shell rheological properties. Individual88

microcapsules are deformed several times with incremental extensional rate up to the point of breakage. Multi-89

directional visualizations are employed showing new insights on capsule breakup in deformation. Two fundamentally90

different regimes of breakup are reported. The constructed phase diagram of breakup reveals the qualitative transition91

from liquid-like to solid-like behaviors in capsule shell.92

2. Materials and methods93

2.1. Materials94

Chitosan powder with medium molecular weight and 75-85% deacetylation was purchased from Sigma-Aldrich.95

Anionic surfactant, phosphatidic fatty acids (referred to as PFacid, food grade E442) was obtained from Palsgaard.96

Glycerol (> 99% of purity), hydrochloric acid (1 mol/L) and sodium hydroxide (1 mol/L) were purchased from VWR.97

The fluorescent dye, Hostasol Yellow 3G (HY-3G), was acquired from Clariant. Rapeseed oil (from Brassica rapa) and98

cyclohexane (anhydrous, 99.5%) were obtained from Sigma-Aldrich. Silicone oil (AP1000) was provided by Wacker99

Chemie AG. Deinonized water (resistivity > 18 MΩ cm) was produced from a Millipore Filter water system. All100

chemicals and solvents used in this study were commercially available and used as received unless stated otherwise.101

2.2. Microfluidic chip102

A T-shaped microfluidic device was used for generating monodispersed microcapsules with controllable sizes,103

see details in our previous work [11]. Briefly, the main chamber of the microfluidic chip was manufactured via a 3D104

printing (Formlabs Inc, Form 1+) using hydrophobic resin (Clear, FLGPCL03, Formlabs) for water-in-oil droplets105

generation. The production rate and microcapsule size were controlled by regulating the flow rates of the continuous106

and dispersed phases via a precised pressure pump (MFCS-EZ, Fluigent).107
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2.3. Assembly of microcapsule membrane108

The assembly of microcapsule membrane was achieved by interfacial complexation of a positively charged poly-109

electrolyte (chitosan) with an oppositely charged surfactant (PFacid) at the water-in-oil droplet interface [11, 31, 46]110

(Fig. S1 in SI). First, a concentrated stock solution of chitosan (1% w/w) was prepared by dissolving the chitosan powder111

in deionized water over a night. The pH value of the solution (≈ 3.0) was adjusted by slowly adding hydrochloric acid.112

Undissolved impurities were then removed by syringe filters (poresize 5 𝜇m, Sartorius Minisart). When used, the113

stock solution was diluted into 0.3 % w/w with deionized water and glycerol (pH value remains 3.0) as the dispersed114

phase. The oil phase (continuous phase) was prepared by dissolving PFacid in rapeseed oil at desired concentrations.115

Undissolved impurities were removed via centrifugation at 1000xG (Biofuge stratos, Heraeus) for 15 minutes. Water-116

in-oil droplets templates were subsequently produced by the microfluidic chip with low concentration (0.05 % w/w)117

of PFacid in the oil phase to pre-stabilize template interface reducing coalescence. The templates were collected for a118

short period of time with rapeseed oil, followed by transferring into a higher concentration of PFacid solution where the119

membrane is rapidly formed via interfacial complexation. The mechanical properties [11, 47] of these microcapsules120

were tuned by controlling the complexation time and concentration of PFacid. Finally, the microcapsules were washed121

thoroughly with a large volume of cyclohexane before being injected into the suspending fluid (WACKER® AP1000122

silicone oil). The size standard deviation of microcapsules produced in our experiment is less than 2%. The size of the123

used capsules ranges from 40 to 90 𝜇m in radius.124

2.4. Membrane labeling125

A commercially available fluorescent dye, Hostasol Yellow 3G (HY-3G) (from Clariant) was used to label126

microcapsule membrane. The dye was added in the oil phase during the membrane assembly and was absorbed onto127

the membrane. Excess dye was further removed with cyclohexane.128

2.5. Atomic force microscopy (AFM)129

The topography of microcapsule membrane was obtained by the AFM (Bioscope II, Bruker). The measurements130

were conducted using a silicone probe (spring constant 0.2 N/m, a tip radius 10 nm, NCLA-A, Bruker) in the tapping131

mode. The data were then processed and analysed using Gwyddion software. Prior to the measurement, microcapsules132

were dried on glass substrates at room temperature for a week in order to remove the internal fluid and surrounding133

cyclohexane.134

2.6. Planar extensional flow135

Microcapsules were deformed individually by a planar extensional flow generated in a cross-slot chamber [11, 34,136

35]. The prepared microcapsule suspension was injected into the flow chamber with a glass syringe (FORTUNA) driven137

by an actuator (L-239.50SD, Physik Instrumente, Germany). A stepper motor controller (module C663, Mercury)138

was used to control the flow rate. The deformation of microcapsule was then visualized with an inverted microscope139

(Olympus IX-71) equipped with a high speed video camera (Photron Fastcam SA3). The visualisation was performed140

in two orthogonal planes (Fig. 1a).141

In central area of the flow chamber, the velocity is determined as [𝑣𝑥, 𝑣𝑦, 𝑣𝑧] = [�̇�x, -�̇�y, 0], where �̇� is the extensional142

rate. Particle Tracking Velocimetry (PTV) [48] was used to measure the velocity field at different 𝑧 positions and143

different flow rates, see details in our previous work [34].144

In the vicinity of the flow stagnation point (SP), an initially spherical microcapsule was stretched in the elongational
direction into an ellipsoid with a major and minor axis lengths 𝐿 and 𝑆, respectively (inset of Fig. 1b). The deformation
was thus defined by the Taylor parameter [49], 𝐷 = (𝐿−𝑆)∕(𝐿+𝑆). The viscous stress exerting on the membrane was
balanced by its shear elasticity for the stationary deformation. In the regime of low Reynolds number (here,𝑅𝑒 < 0.01),
an asymptotic expression was derived [50],

𝐷∞ = 5
2
2 + 𝜈𝑠
1 + 𝜈𝑠

𝜎𝑅
𝐺𝑠

, (1)

where 𝑅 is the radius of the undeformed microcapsule, 𝜎 = 𝜂�̇� is viscous stress (𝜂 is external fluid viscosity) and 𝐺𝑠145

is surface shear elastic modulus. Here, the membrane thickness is much smaller than capsule radius, thus only surface146

modulus and Poisson’s ratio 𝜈𝑠 are considered. We assume that 𝜈𝑠 is equal to 0.5 for incompressible material. This147

equation has been validated numerically and experimentally for small deformation [34, 51]. In the linear regime, the148
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Figure 1: Microcapsule deformation in the planar extensional flow. (a) Visualization of capsule deformation in two views.
High speed imaging shows the steady-state deformation of capsules in bottom view (𝑥-𝑦 plane) and side view (𝑥-𝑧 plane).
Dashed frame indicates the walls of the 1mm x 1mm chamber. (b) Deformation of a capsule passing through the stagnation
point of the extensional chamber as a function of dimensionless time �̇�𝑡. (c) Steady-state deformation as a function of the
viscous stress for microcapsules with different shear moduli.

membrane shear elasticity 𝐺𝑠 can be estimated by deforming the microcapsule in different extensional rates. In the149

nonlinear regime, breakup of microcapsule was introduced when the flow strength was high enough.150

2.7. Numerical modeling151

To gain insight in the breakup of microcapsules, an essential feature is the internal stresses experienced by the152

membrane, namely the Cauchy elastic tensions. They are determined by a house-made numerical code. The system153

is a capsule filled and immersed in viscous Newtonian liquids which may be of different kinds. As the Reynolds154

number is much less than one, inertia is negligible. Stokes equations permit to calculate the velocity field by the155

implementation of the boundary-element method [52]. Our numerical modeling performs a coupling of finite-element-156

method to boundary-element method associated with Loop elements to describe the shape of the soft object [53]. It157

has been validated in different configurations namely droplets [54], vesicles [55] and other capsules [35, 53]. The158

results presented were obtained using the generalized Hooke’s material law [56]. They are not qualitatively modified159

considering the neo-Hookean material law. The configurations are a capsule in a planar elongational flow and in a160

shear flow. The stationary shape and the two principal tensions are calculated. They are the tangential forces per unit161

length on the edges of a membrane patch in both directions. In the context of breakup, only the largest one (called 𝑇1)162

is relevant.163

3. Results and discussions164

3.1. Observation of breakup165

A microcapsule, having a spherical reference shape, is deformed rapidly when being exposed to the extensional flow166

(Fig.1b). It reaches a steady-state deformation 𝐷∞ when the viscous stresses are balanced by the membrane tension.167

The value of the steady-state deformation depends on the applied extensional rate �̇� for a given microcapsule (larger �̇�168

gives rise to a larger value of 𝐷∞ (Fig.1b)) and is found monotonically increasing with the viscous stress 𝜎 (Fig.1c).169
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This relation is generally complex and depends on material properties, notably the shear elastic modulus. Breakup is170

observed when the steady-state deformation does not exist anymore (Fig.1b, �̇� = 44.3 𝑠−1 for example). The critical171

rupture is defined as the first observation of membrane damage under a critical viscous stress 𝜎𝑐𝑟, an observation which172

is confirmed by a divergence of the Taylor parameter( Fig.1b, �̇� = 44.3 𝑠−1).173

3.2. Membrane properties174

Firstly, the membrane properties are investigated statically using the pendant drop method. As shown in Fig.2, the175

presence of polyeclectrolyte (chitosan) and anionic surfactant strongly decreases the surface tension, approximately176

ten times. The time to reach equilibrium is typically 1-3 min and decreases with the concentration of surfactant. The177

final value of the tension, approximately 1-2 mN∕m depends weakly on this concentration.178

Figure 2: Probing the interface properties via pendant drop for different drop/suspending fluid
systems. (a) A picture of an aqueous drop suspended in the oil phase by a needle. (b) The interfacial tension
𝛾 vs. time for different testing systems. The tension dramatically decreases with time in the presence of the
surfactant.

179

Secondly, the membrane properties are investigated by stressing the interface with the planar extensional flow.180

Within the limit of small deformations (up to ≈ 10% for 𝐷∞ in our case), the relationship between the deformation181

and the viscous stress can be justifiably considered as linear [11]. For each microcapsule, various flow stresses 𝜎 are182

applied and the stationary deformations 𝐷∞ are measured accordingly. In the limits of small deformations (linear183

regime, see Equation 1), we derive the shear elastic modulus 𝐺𝑠. The shear modulus 𝐺𝑠 is characterized by a rapid184

increment (almost two orders of magnitude) in the values of the apparent shear elastic modulus 𝐺𝑠 from 1 to 3 minutes185

of complexation as shown in Fig.3a. The term apparent 𝐺𝑠 is used here due to the complexity of separating in the186

first minute the surface tension from the elastic modulus. The values at times shorter than 1 minute are in agreement187

with the values of the surface tension. At larger complexation times, the membrane is clearly dominated by elasticity188

but the curve presents two kinds of elastic responses. This dual mechanical behavior is coherent with our recent work189

[39]. Indeed, it has been demonstrated that Chitosan/PFacid membrane is formed through the nucleation and further190

percolation of patch-like structures on the water-oil interface. Interface complexation time or the concentration of191

PFacid (concentration of chitosan is fixed in this work) predominately determines the state of the membrane. In the192

intermediate regime, the solid patches grow fast and pave the interface which is macroscopically characterized by a193

sudden increase of surface shear modulus. Surface elasticity also governs the membrane response (study in the linear194

regime of deformation). Once the interface is fully covered by the solid membrane, the membrane growth is governed by195

a diffusion limited process. The shear elastic modulus increases much weaker. Microscopically, the membrane topology196

probed with AFM reflects this process (Fig.3b-d). It indicates qualitative transition in the membrane mechanical197

properties during the complexation. See also supplementary information in Ref. [39]. Based on these measurements,198

we can infer the behaviour in the regime of large deformations. Indeed, we expect that the elastic network to be fragile199

in the intermediate regime and could present a solid-like to a liquid-like transition.200

For simplicity, in the following we separate the investigated microcapsules into two categories: soft if 𝐺𝑠 lower201

than 50 mN/m and stiff where 𝐺𝑠 over 75 mN/m. Interestingly, wrinkling is only observed in the case of capsules with202

an elastic response: see Fig.S3 in SI.203
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Figure 3: Interface properties. (a) Shear elastic modulus versus the complexation time of capsule
membrane. (b)-(d) Surface topography of capsules membranes corresponding to different complexation
times. Color bars indicate the thickness of the membranes.

204

3.3. Breakup of soft microcapsule205

In general, the soft microcapsules demonstrate notable similarities in their behaviour with droplets specifically206

the axisymmetric nature of the stretching along the elongational direction. Additionally we can draw a parallel in207

breakup modes observed for soft microcapsules and reported for droplets in other studies [57–59]. In particular, wave208

instabilities such as Rayleigh-Plateau [59–62] are the most frequently observed mechanisms leading to breakup. The209

discussion of the large variety of modes observed for the soft microcapsule breakup will not be the focus of the current210

work. However, we will briefly introduce two most common scenarios observed in this system. The first case is observed211

when the imposed viscous stress is close to the critical breakup value (Fig.4). A soft microcapsule is gradually deformed212

into an ellipsoidal shape after being exposed in flow. A thinning waist appears afterwards in the midsection of the213

microcapsule. This shape is unstable and further two lobes are formed, similar to a dumbbell as observed in breakup214

of viscoelastic droplets in Newtonian fluids[63]. The waist is stretched thinner and thinner while the lobes keep the215

similar shape. Breakup eventually occurs by fragmenting the waist [11] (see Video S1). By visualising the breakup of216

soft capsules in two orthogonal planes we can confirm it being nearly axisymmetric as was mentioned above.217

Figure 4: Close-to-critical breakup of soft capsules in the extensional flow visualized in two orthogonal
planes. (a) Bottom view, the extensional rate is �̇� = 67 s−1. (b) Side view, the extensional rate is �̇� = 82 s−1.
Shear elastic modulus of capsule is 𝐺𝑠 ≈ 25 mN/m.

218

The second mode of breakup is observed when the microcapsule is exposed to the viscous stress much larger than219

the critical one (Fig.5). In the early stage, similarly to the previous case, the microcapsule is deformed rapidly into220

an ellipsoidal shape. Afterwards, the microcapsule is stretched into a long cylinder-like shape, characterized by an221

approximately uniform thinning, to the point of eventual breakup into multiple secondary microcapsules.222

Finally, the analysis of membrane properties at short times of complexation and the dynamics of capsule’s shape223

lead to conclude that these modes of rupture are similar to fluid systems. This justifies to use breakup to name this224

regime.225
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Figure 5: Far-from-critical breakup of soft capsule in the extensional flow visualized in two orthogonal
planes. (a) Bottom view, the extensional rate is �̇� = 58 s−1. (b) Side view, the extensional rate is �̇� = 58 s−1.
Shear elastic modulus of capsule is 𝐺𝑠 ≈ 28 mN/m.

226

3.4. Breakup of stiff microcapsule227

Contrary to the case of soft capsule, after being deformed into an ellipsoid the stiff capsule doesn’t show transition228

into a cylinder nor is it showing a thinning waist. A dark spot emerges on the membrane in the middle (highlighted by229

the red rectangles in Fig.6a), while on the bottom view the overall shape of capsule remains intact. However, on the230

side view (Fig. 6b) the dark spot corresponds to the onset of the membrane rupture. Our findings here illustrate that a231

conventionally single view is insufficient to correctly define capsule damage in flow. Complementary observations are232

thus necessary.233

Figure 6: Breakup onset of stiff capsule in the extensional flow visualized in two orthogonal planes. (a)
Bottom view, the extensional rate is �̇� = 115 s−1. (b) Side view. the extensional rate is �̇� = 433 s −1. Shear
elastic modulus of capsules is 𝐺𝑠 ≈ 94 mN/m. Red rectangles indicate the local rupture of the membrane.

234

Fig. 7 shows an example of stiff capsule (𝐺𝑠 ≈ 138 mN/m) breakup process visualized in two planes. The capsule235

is stretched along elongational direction while being simultaneously flattened in the x-z plane (Fig.7b). The overall236

shape is similar to a pancake which has been reported on HSA capsules in large deformation [35]. In further stretching,237

this asymmetry becomes more pronounced (20-28 ms Fig.7). Cusp tips appear on capsule, which can be observed on238

the bottom view (Fig.7a), while the rims are in general still intact and round on the side view (Fig.7b). The capsule239

eventually is broken with rough undulations on the surface (Fig.7b).240

Such a rupture of elastic microcapsule was possible to observe thanks to our visualisation setup and to our241

knowledge it has not been reported yet. It is characterized by a first failure localized at the extremities of the minor242

axis of symmetry, which is normal to the elongational plane, while the shape remains smooth in the classical viewing243

plane (bottom view). On longest time, the difference between the two views becomes even more striking.244
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The interpretation needs additional information as a simple reasoning might have suggested that the capsule would245

break at the tips where the curvature is greatest. Indeed, it is the case of HSA capsules in shear flow [37] and the case246

of spinning polysiloxane capsules [64]. We will explain further this discrepancy. To gain insight, we assume that the247

constitutive law is still elastic and obeys a Hooke model. The following results are also valid with other laws. The248

Fig.8 presents the two principal tensions at the membrane 𝑇1 (Fig.8a,c) and 𝑇2 (Fig.8b,d) with 𝑇1 > 𝑇2. They refer to249

the membrane internal constraints. In the regime of large deformation, both tensions are positive meaning that all the250

membrane is stretched. The maximum value of 𝑇2 over the capsule is approximately the minimum value of 𝑇1. The251

maximal tension 𝑇1 is localized at the point where rupture appears. In Fig.8e, a sketch allows to simply visualize how252

the surface forces per unit length, namely tensions are applied to a piece of membrane at the point of rupture. This253

outcome also corresponds to the spinning polysiloxane capsule [64]. The advantage of extensional flow and spinning254

is to avoid any fatigue phenomena as in shear flow [36, 37] where the membrane rotates and experiences successive255

dilatation, compression and also strong tip bending. Also, note that the rupture in shear flow is much more influenced by256

the presence of membrane defects and impurities which tank-tread around the vorticity axis perturbing the integrity of257

membrane. When exposed to the near threshold flow, the capsule undergoes relatively small deformation and rupture258

with only one notch occurrence in the middle part. However, in the far from threshold flow the capsule is rapidly259

stretched into a large deformation, several ruptures appear along the capsule (Figs S4,S5 in SI). Fluorescent image260

sequences (Fig.S6 in SI) confirm the discontinuous membrane happening at rupture for the large deformation. At261

beginning, the capsule remained spherical with inhomogeneous membrane (different labeling intensity). As the flow262

applied, it started to deform up to breakup, during which some locations on the membrane were not detected while263

some others were brighter. We believe that the area without fluorescence would be only water-oil interface while the264

fluorescent parts are the membrane fragments.265

Figure 7: Breakup of stiff capsule in the extensional flow visualized in two orthogonal planes. (a)
Bottom view, the extensional rate is �̇� = 1257 s−1. (b) Side view, the extensional rate is �̇� = 1446 s−1. The
shear elastic modulus of capsules is about 𝐺𝑠 ≈ 138 mN/m.

266

Figure 8: Mechanical membrane tensions (internal constraints) over a capsule in planar extensional
flow in two views: (a,b) x-y plane, (c,d) x-z plane and (e) zoom with tensions where 𝑇1 is maximum. The
mechanical constitutive law is a Hooke model. The capillary number is 𝐶𝑎 = 1. The maximum tension
occurs in the central area at the bottom and the top of the capsule as expected to explain rupture. Tensions
are scaled by the shear elastic modulus.

267
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3.5. Post breakup analysis268

In this section we investigate the state of the daughter capsules after the breakup. Capsules of both categories -269

soft and stiff - with fluorescently labeled membranes were burst and the products of their breakup were pulled back270

to the field of view for characterisation and analysis. Fig. 9 illustrates two typical post breakup cases of capsules271

with different membrane shear elasticity. When the membrane is broken, the core liquid spills out. That drastically272

increases the surface-to-volume ratio causing the shortage of membrane material to cover all the water-oil interface273

even if assuming an overall reorganization. The shapes of the daughter capsules are found to qualitatively depend on274

the membrane stiffness. In Fig. 9a, all the daughter capsules remain spherical for the soft parent capsule after breakup.275

In contrast, irregular shapes are observed on daughter capsules of the stiff parent capsule (Fig.9b, also in SI).276

We find that almost all secondary capsules derived from soft parent capsules exhibit fluorescence even though not277

uniformly (Fig.9a2). Combined with nearly spherical shape of all the secondary capsules this indicates the capacity278

of the membrane material to form a new interface driven by surface tension and shows its fluid properties similarly to279

surfactant-laden droplets [65]. Interfacial tension drives the formation of daughter capsules by minimizing surface280

energy, similar to liquid-liquid droplet breakup in flow [58]. This is consistent with our observation of capsule281

membrane composed with liquid and solid patches in short complexation time [39].282

Fig. 9b shows the post breakup state of a rigid parent capsule. It’s characterized by two big noticeably non-spherical283

fragments that emit heterogeneous fluorescent signal and smaller several spherical fragments that do not show any284

fluorescence. It indicates the lack of membrane material to cover the increased cumulative area of the interface. This285

observation additionally supports the qualitative differences between two categories of capsules.286

287

Figure 9: Two distinct post breakup cases for capsules with different membrane stiffness. (a) Soft
capsule with 𝐺𝑠 ≈ 0.012 N/m. (b) Rigid capsule with 𝐺𝑠 ≈ 0.2 N/m. The images in the left and right
columns are the bright and fluorescent fields, respectively.

288

3.6. Phase diagram of breakup289

Two modes of breakup have been previously identified. They are linked to the nature of the mechanical response290

of the membrane: liquid-like or solid-like. Here, we report a detailed investigation in the space of parameters (𝐺𝑠, 𝜎𝑅),291

namely the shear elastic modulus versus the applied hydrodynamic tension (the force per unit length) (Fig. 10). Larger292

capsules exposed to the same hydrodynamic stress experience larger deformations, however neither effective G𝑠 nor293

critical stress 𝜎𝑐𝑅 depend on the capsule size ( See SI Fig. 8). Below a critical stress 𝜎𝑐𝑅, the capsule never breaks294

whatever the mode. In the limit of small shear elastic modulus (the liquid-like behavior), this stress 𝜎𝑐𝑅 ≈ 40 mN/m295

depends weakly on 𝐺𝑠 leading to a capillary number about 0.2, a consistent value with the Grace curve [66]. As296

expected, the critical stress increases monotonously when the membrane is dominated by the elastic response. This297

transition occurs at shear modulus 𝐺𝑠 roughly between 40 mN/m and 70 mN/m which corresponds to the liquid-like298

to solid-like transition characterized by a strong increase of the effective elastic modulus (Fig.3a). This transition also299

marks the behavior at higher hydrodynamic stress. Indeed, whatever a smaller shear elastic modulus, the rupture leads300

to a drop-like fragmentation, dumbell (near threshold) or waist (far from threshold). Above this shear elastic modulus,301
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the shape is more irregular leading to a lack of membrane continuity, an observation confirmed by the visualization of302

the membrane by fluorescence (Fig.S6 in SI). It corresponds to the breakup of an elastic capsule as studied previously.303

In the reference [10], the authors studied the dynamics of particle-covered droplets in shear flow and found the the304

breakup patterns morphologically similar to those we observed for low 𝐺𝑠 capsules. At a high surface coverage, the305

nano-particle laden interface undergoes a transition from a liquid to an elastic shell. The addition of surface active306

agents drastically changes the rheological properties of the droplet interface. With an increasing concentration of307

the interfacially active compounds the droplet interface may obtain a solid-like behaviour. However, separating the308

thermodynamic and a viscoelastic contributions is a challenging task [67]. We observe a similar phenomenon if we309

consider that at short complexation times the chitosan/PFacid interface is only partially covered by small patches of310

solid matter as we showed in our previous work [39] and in our AFM measurements (Fig. 3 b-d). The mobility of the311

patches at the interface explains its pronounced fluidity. Thus drop-like breakup modes of capsules at low apparent 𝐺𝑠312

and 𝜎𝑅 independency of 𝐺𝑠 are explained by the dominant role of interfacial tension.313

Figure 10: Phase diagram of capsule breakup in 𝜎𝑅-𝐺𝑠 parameter space. The symbols ♢, ○ and □

denote no breakup, drop-like behavior (breakup) and elastic behavior of capsules (solid-like breakup also
called breakage), respectively. The diameter of used capsules ranges from 80 to 180 𝜇m. The shaded region
indicates the transition zone between drop-like and elastic behaviors breakup. Inset images are typical
shapes observed.

314

4. Conclusion315

The present work shows the systematic experimental study of the rupture of weakly cohesive microcapsules316

resulting from interfacial polycondensation. The study is performed in a planar extensional flow, a configuration317

providing a benefit of simpler capsule dynamics, i.e. no membrane tank-treading, and consequently no fatigue failure318

of the capsule and the presence of stagnation point to fix the field of view. Additionally, our setup allows for the319

observation of the capsule in two orthogonal planes of view which provides an opportunity to accurately examine the320

integrity of the capsule in flow.321

The microcapsule undergoes linear and non-linear deformation prior to breakup with a viscoplastic response322

shown when it is relaxed without any rupture [11]. The shear elastic modulus of individual capsules is measured323

in the regime of small deformations. Consequently each capsule is subjected to large deformations up to the point of324

membrane rupture. The modes of rupture are closely related to the membrane mechanical properties and to the shell325

structure. Capsules with low apparent membrane shear elasticity manifest drop-like rupture. Continuous thinning of326

the membrane in deformation prompts the membrane destabilization where it is most likely the membrane shows a327

transition from a solid to liquid state. While solid-like rupture (breakage) with a discontinuity of the membrane occurs328

for the capsule with high shear elasticity. The maximal internal constraint (maximal membrane tension) marks the329

point of rupture emergence.330

The results presented in this work demonstrate the rich dynamics of the capsule rupture in the extensional flow331

allowing to expect the behavior in shear flow based on the numerical calculation of mechanical tensions (Fig.S7 in332

SI). At low complexation times, the chitosan capsule is expected to exhibit a characteristic S-shape [37, 68] with the333
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tips emitting small capsules. At large complexation times and moderate shear rate, the chitosan capsule is expected to334

break along the axis of vorticity where the membrane tension is maximal. Finally, the results may provide the basic335

principles for the design of targeted drug carriers and release of encapsulated materials.336
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