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Abstract 

Water-in-water (W/W) emulsion provides cytocompatible compartments for cell 

encapsulation and 3D printing of tissues. Formation of semi-permeable membrane at 

the W/W interface is critical to entrapment of cells in the droplet phase and supply of 

nutrients from the continuous phase. However, the adsorption of colloidal particles at 

the W/W interface is dynamic and reversible, which represents an inherent limitation 

for fabrication of mechanically robust cell-laden microcapsules. Here we demonstrate 

the preparation of thin, inflatable and semi-permeable microcapsules by using clusters 

of protein fibrils as building blocks and control their assembly at W/W interface. These 

fibril clusters are prepared by cross-linking lysozyme fibrils with multi-arm 

polyethylene glycol (PEG) through click chemistry. Compared to linear-structured 

fibrils, fibril clusters can strongly adsorb at W/W interface, and they packed into an 

interconnected meshwork to stabilize W/W emulsion. Moreover, when fibril clusters 

are complexed with calcium alginate, the hybrid microcapsules can bear a high osmotic 

gradient of 60 mOsm/Kg induced by dextran (Mw=500,000), and their surface area 

expand by over 100% without rupture. This all-aqueous biomaterial synthesis approach 

allows fabrication of mechanically robust capsules for long-time culture of SGC-996 

tumor spheroids, with great potentials to be used in anti-tumor drug-screening and 

tissue transplantation. 
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Introduction 

Water-in-water (W/W) emulsions are droplets derived from spontaneous liquid-

liquid phase separation of a macromolecular solution.1 In biology, membraneless 

organelles and nuclear bodies are representative W/W emulsions,2, 3 and they serve as 

liquid chambers to compartmentalize biomolecules and coordinate their cellular 

functions. Bioactive molecules and cells largely preserve their native structures and 

biological functions in the all-aqueous environment.4, 5 Consequently, W/W emulsions 

are more advantageous over traditional water/oil emulsions for processing of 

biomolecules,1, 4, 6, 7 and they are increasingly exploited as liquid scaffolding for 

patterning of cells, culture of organoids and printing of tissues.8-13 W/W interface are 

highly permeable to oxygen, nutrients, metabolic waste, and even living cells. To 

confine cells within the predesigned liquid chambers or patterns,14 hydrogel precursors 

are frequently mixed with the cell-laden droplet phase, and the subsequent gelation of 

the precursor immobilize cells into the hydrogel. However, the hydrogel matrix, if not 

degraded timely, will retard the perfusion of nutrients15 and fusion of cell aggregates 

for tissue culture.16  

An alternative hydrogel-free cell-culture strategy is to building a semi-permeable 

membrane at the W/W interface that blocks the undesired migration of cells. Nutrients 

and metabolic wastes could still diffuse across the semi-permeable membrane to 

support long term culture of cells, spheroids and organoids. To form semi-permeable 

membranes, polymers and colloidal particles can be used as building blocks for 

membrane formation at the W/W interface. However, interfacial tension of W/W 



emulsion is several orders of magnitude lower than water/oil emulsion,1, 17 leading to 

the weak adsorption energy and low coverage ratio of colloidal particles at the W/W 

interface.18 Consequently, microcapsules and membranes formed at the W/W interface 

often yields low mechanical strength.17, 19 To optimize the colloidal adsorption and their 

stacking at the W/W interface, colloids with different shapes and surface wetting 

properties have been explored for stabilization of W/W emulsions.17, 20-24 However, it 

is difficult to achieve simultaneously suitable mechanical strength and membrane 

permeability for tissue culture.25 The feasibility to fabricate robust and semi-permeable 

capsules at the W/W interface will provide new solutions to control spatial 

configuration of tissues, without sacrificing their interior permeability.  

Protein nanofibrils are one-dimensional nanomaterials with excellent mechanical 

strength and cytocompatibility.17, 26 Like natural extracellular matrix, synthesized 

protein nanofibrils can be organized into 3D networks that promote cell adhesion, 

proliferation and differentiation, revealing irreplaceable implications in tissue 

engineering.27-29 We have previously reported an all-aqueous approach to fabricate 

robust ‘fibrillosomes’ by cross-linking lysozyme fibrils at the W/W interface, forming 

two-dimensional multilayer fibril networks.17 However, fibrillosomes are only stable in 

acidic solutions (pH= 2-4), and they collapse into solid precipitates in pH-neutral 

solutions. To further develop a nanofibrils-coated droplet chamber for tissue culture, 

here we synthesized multi-arm PEG cross-linked fibril clusters as new building blocks 

for stabilization of W/W emulsions in pH-neutral solution. These fibril clusters are 

subsequently complexed with alginate to prepare robust membrane at the W/W 



interface, yielding thin-shelled, inflatable and semi-permeable capsules that support 

long-term culture of large tumor spheroids over 200 μm. 

 

Preparation and characterization of fibril clusters   

Lysozyme fibrils were prepared by dissolving 2% (w/v) lysozyme monomers 

(from hen egg white) in a strong acidic solution (206 mM HCl and 200 mM NaCl), 

followed by vigorous stirring at a shear rate of 8 rad s-1 at 70 ℃. After incubation for 

65 hours, the resulting fibrils have dimensions of 500-1000 nm in length, and 15-20 nm 

in thickness.17 After suspended in a mixture of 7% PEG and 3% dextran, the fibrils 

(0.05-0.2 wt%) can be adsorbed at the W/W interface and stabilize W/W emulsion 

droplets at pH= 2-4. When the medium pH is adjusted to 7, the β-sheet structure of 

lysozyme fibrils become unstable, and they partition into the dextran-rich droplet phase 

(Fig.S1). According to the Bancroft’s rule, an effective surfactant of emulsion should 

have a higher affinity in the continuous phase than the droplet phase, we thus grafted 

polyethylene glycol (PEG) to the lysozyme fibrils and enhances their affinity to the 

PEG-rich continuous phase. Experimentally, lysozyme fibrils were first decorated with 

furan moieties, and the furan modified fibrils were further reacted with maleimide-

decorated multi-arm-PEG (Mw: 10 kDa) through Diels-Alder (D-A) click chemistry 

(see schematic Fig. 1a).  



 

Fig. 1 (a) Schematics on the synthesis of furan-decorated fibril and PEGylated fibril clusters through 

D-A click chemistry. (b) FT-IR spectra of native fibril, (MAL)4-PEG, and fibril cluster. (c) Size 

distribution and (d) zeta potential of native fibril and fibril clusters. (e-g) Morphology of native fibril 

and fibril clusters observed in SEM. 

 

Table 1 Mass ratios of multi-arm PEG to lysozyme fibrils in different fibril clusters. 

Sample PF-1 PF-2 PF-3 PF-4 

Nominal weight ratios of 

fibrils to PEG 
1:12.5 1:25 1:37.5 1:50 

PEG weight fraction (%)  49  9 66  6 80  2 86  2 



According to the FT-IR spectrum in Fig.1b, (MAL)4-PEG exhibits characteristic 

absorption peak at 695 cm-1 and 1468 cm−1, which correspond to the bending motion 

of ═C−H and C═C bonds in the maleimide.30, 31 After the fibrils are modified with 

(MAL)4-PEG, an absorption peak appears at 1771 cm−1, in accordance with C═C 

stretching vibrations of the D-A adduct.30 The results confirm the successful connection 

of multi-arm PEG with fibrils. By varying the mass ratios of multi-arm PEG to 

lysozyme fibrils (see Table 1) in the reaction mixture, we obtain a serial of PEGylated 

fibril clusters with increasing PEG fractions from 49 wt% to 86 wt.%, named as sample 

PF-1, PF-2, PF-3, PF-4 (see specific compositions in table 1). As the PEG fraction in 

the fibril cluster increases, the hydrodynamic diameter of the PEGylated fibril clusters 

increases from 1 micrometer to 10 micrometers, as evidenced by both dynamic light 

scattering (DLS) measurement (Fig.1c) and scanning electron microscopy (SEM) 

observation. Due to the shielding of charge induced by 4-arm PEG moiety,32, 33 the zeta 

potential of fibril decreases from +27 mV to +11 mV (Fig.1d). SEM observation reveals 

the number of fibrils in each cluster typically varies from 6 to 40 pieces, Fig.1e-g). 

 

Stabilization of W/W emulsion by fibril clusters 

Next, we investigated the interfacial stability of W/W emulsions after addition of 

PEGylated fibril clusters (Fig.2a). Fibril clusters with different PEG fractions were 

synthesized and stained by thioflavin T and suspended in an emulsion mixture of 3% 

dextran / 7% PEG / 90% H2O at the concentration of 0.05%-0.15% (w/v, counted by 

protein fibrils). After vortex mixing, the fibril cluster-stabilized emulsion droplets were 



observed using fluorescence microscopy. With an increasing PEG fraction in the fibril 

cluster, more fibrils were observed to translocate from the dextran-rich droplet phase to 

the W/W interface, resulting in a higher density of stable W/W droplets with decreasing 

droplet size (Fig.2b and S2). The observation suggests that the 4-arm PEG enhances the 

partitioning affinity of fibril cluster to the continuous phase and W/W interface, thereby 

improves the emulsion stability. By fixing the PEG fraction (at PF-4) and increasing 

the concentration of fibril cluster, the average diameter of the W/W emulsion also 

decreases, suggesting that the stabilized total interfacial area of the emulsion mixture 

increases with the concentration of fibril cluster. (Fig. 2c). 

Molecular weight of 4-arm PEG in the fibril cluster also influence the emulsion 

stability. In our experiment, fibril cluster with a high PEG molecular weight (Mw: 2.5k 

 4 = 10 kDa) exhibits much stronger capability to stabilize dextran-in-PEG emulsion, 

compared to that with relatively low PEG molecular weight (Mw: 2 kDa and 5 kDa) 

(Fig. 2d). This observation can be explained by the Bancroft’s rule that packing 

parameter of surfactants determines the emulsion type and stability. When fibril clusters 

are adsorbed at the W/W interface, the 4-arm PEG moiety has a high affinity to the 

PEG-rich continuous phase, while the fibril ‘tails’ tend to stay in the dextran-rich 

droplet phase. The volume ratios of the 4-arm PEG moiety to the fibril can be adjusted 

by changing the molecular weight of the PEG or their mass ratios. If the volume of the 

PEG moiety is larger than that of the fibril tail, the assembly of fibril cluster at W/W 

interface should maintain a positive curvature and better stabilize the dextran-in-PEG 

emulsion.  



To further understand how the molecular structure of fibril cluster contributes to the 

improved emulsion stability, we also compared the W/W emulsion stabilized by 

PEGylated single fibrils (Fig. 2e) and fibril clusters (Fig. 2f). PEGlated single fibrils 

are synthesized by decorating maleimide-(PEG)-OCH3 on the surface of fibrils, 

yielding “comb-like” fibril structure. In contrast, the 4-arm PEG cross-linked fibril 

clusters have “mesh-like” structure. When the two kinds of fibril structures are 

separately suspended into the dextran-PEG-H2O system, both the “comb-like” fibrils 

and “mesh-like” fibril cluster can locate at the W/W interface; however, the “comb-like” 

fibrils are unable to stabilize W/W emulsions as robust as fibril clusters. The superior 

emulsion stability after addition of “mesh-like” fibril clusters can be explained by their 

higher adsorption energy to the W/W interface, relative to the “comb-like” single fibrils. 

Assuming all fibrils are lying at the W/W interface, the adsorption energy of single 

fibril to the W/W interface can be estimated from

/2 (sin cos cos )fib W WG R L         ,17, 34 where  is the wetting angle of fibrils 

at the W/W interface, L and R represent the length and radius of fibrils, and /W W  is 

the interfacial tension between the two immiscible aqueous phases. When fibrils are 

cross-linked into clusters by multi-arm PEG, the adsorption energy becomes

cls fibG n G   , where n represents the average number of fibrils (n≈15) in each cluster. 

Note that the high flexibility of the multi-arm PEG is critical to keep fibrils lying on the 

W/W interface and thus maximize their contact area with the W/W interface. With 

similar PEG fraction in the “comb-like” fibrils and “mesh-like” fibril clusters, the 

wetting angle, , is almost unchanged, so the adsorption energy of fibril cluster at the 



W/W interface is about ~15 folds higher than that of single fibrils. This model explains 

the exceptional high capability of fibril cluster to stabilize the W/W emulsions. Besides, 

compared to the “comb-like” fibrils, the “mesh-like” fibril clusters could entangle with 

each other, forming interconnected colloidal networks to enhance the stability of W/W 

emulsions. 

 

Fig. 2 (a) Schematic illustration of partitioning and interfacial packing of fibril clusters at the W/W 

interface. (b) The fluorescence images and the average size of emulsion droplets stabilized by fibril 

cluster with different PEG fractions. The inset shows the partitioning behaviors of ThT-labelled 

native fibrils and fibril clusters (PF-4) at pH=7. (c) Concentration-dependent stabilization of W/W 

emulsion by fibril clusters. (d) Fluorescence microscopy images of W/W emulsion stabilized by 

fibril clusters with different molecular weight of PEG crosslinkers. (e) Fluorescence microscopy 

images of emulsion droplets stabilized by (e) 1-arm PEG modified fibrils and (f) 4-arm PEG cross-



linked fibril clusters, pH=7. Scale bars, 50 μm. 

 

Fabrication of fibril cluster/alginate hybrid capsules 

To strengthen the colloidal network of fibril clusters adsorbed at the W/W interface, 

we separately added 0.15% sodium alginate and 0.15% fibril clusters from the droplet 

and continuous phases, and generated W/W emulsion through electrospray. After the 

alginate-laden dextran-rich droplets are sprayed into the cluster-laden PEG-rich 

continuous phase, the anionic sodium alginate molecules are complexed with cationic 

fibril clusters through electrostatic attraction at the W/W interface. As sodium alginate 

molecules continuously diffuse across the W/W interface and react with fibril clusters, 

a core-shell structured capsules are formed, until the completed consumption of the 

sodium alginate in the droplet phase. By transferring the capsules into the calcium 

chloride solution, the fibril cluster/alginate complexes are solidified into microcapsules 

(Fig. 3a). SEM observation confirms that the capsules are intact, composed of 

multilayered fibrils on their surface (Fig.3b). These capsules with hollow chambers 

(Fig.3c) can maintain stable in cell-culture medium for over several months. 

To confirm that both alginate and fibril clusters constitute the capsules, we 

conducted a dissolution test by separately degrading calcium alginate and fibril clusters 

in the capsules (Fig. 4). The hybrid capsules can be fully destroyed after soaking in 

150mM sodium citrate solution (Fig. 4a), or cell culture medium supplemented with 

0.25% trypsin-EDTA (Fig. 4b). With the rupture of capsules, macromolecules can 



rapidly release into the surrounding aqueous environment, as shown by releasing FITC-

dextran (Mw: 2 million) from these capsules. When the hybrid capsules are immersed 

in a diluted 0.125wt% trypsin-EDTA solution, the lifetime of capsule is extended by a 

few hours (Fig. S3). These observations suggest that the lifetime of capsules can be 

controlled by varying the enzyme activity in the surrounding aqueous environment. 

 

Fig. 3 (a) Schematics on the fabrication of the microcapsules based on the interfacial complexation 

between fibril clusters and alginate. (b,c) SEM images of the hybrid capsules dried in the liquid 

carbon dioxide at its super critical point. (d) SEM image of hybrid capsules dried in air.  

 



 

Fig. 4 Degradation of microcapsules by using enzymes or ionic chelators. (a) Rupture of 

microcapsules in sodium citrate (150 mM) and (b) trypsin-EDTA (0.25% w/v), and the release of 

FITC-dextran (Mw: 2 million Da) inside the capsules are shown by the corresponding fluorescence 

microscopy images. Scale bars: 200 m. 

 

Mechanical properties and permeability of capsules 

The mechanical properties of the microcapsules were assessed by monitoring the 



inflation of the capsules in hypotonic solutions of dextran. Experimentally, the droplet 

phase is dissolved with 15% dextran (Mw=500,000), and the external phase is replaced 

by dextran solutions with different concentrations (1%~15%, w/v). Due to the presence 

of concentration gradient of dextran, an osmotic pressure is introduced to the capsules 

and drive their slow inflation (Fig. 4a). When the concentration of dextran in the 

external phase is reduced to 1 wt%, a high osmotic pressure of about 60 mOsm/Kg is 

generated, and the capsules remain intact without rupture. The expansion ratio of 

surface area, η, defined by 21 1

0 0

( )
S D

S D
    , is measured from the changes in the 

diameter of the capsules. To reflect the change in permeability due to the osmosis-

induced inflation, two fluorescent dyes, FITC-dextran with different Mw (150 kDa and 

2000 kDa, 0.1%) are separately added into the droplet phase at a low concentration of 

0.05%. In absence of osmotic pressure, the FITC-dextran with Mw of 150 kDa can not 

penetrate through capsules. Upon a relatively large osmotic pressure (> 50 mOsm/Kg) 

is applied, the pore size of the capsule becomes large enough for diffusion of FITC-

dextran. When the molecular weight of FITC-dextran is increased from 150 kDa to 

2000 kDa, no leakage of the dye can be observed, even if an osmotic pressure of 60 

mOsm/Kg is given. The change in the semi-permeability of the capsules suggests that 

the pore sizes increases with osmotic pressure. FITC-dextran with a molecular weight 

of 40 kDa can always penetrate through the capsules, regardless of the osmotic pressure 

applied. The observation suggests that the capsules should allow bidirectional diffusion 

of nutrients, and metabolic waste across the membrane.8, 35  



Resistance of microcapsules against shear force is further characterized by 

suspending capsules in dextran solution and measured using a rotational rheometer. 

Firstly, dynamic frequency sweeps were conducted to probe the viscoelastic properties 

of the microcapsule suspensions, as is shown in Fig. 4b. The dextran solution is 

predominantly viscous (G' < G''), while the addition of microcapsules leads to increased 

moduli. Moreover, with an increase in the volume fraction of the capsules, an enhanced 

elasticity can be observed from the tan  (= G''/G'). The steady shear viscosity 

measurements were conducted, as shown in Fig. 4c. While the dextran solution exhibits 

a typical Newtonian behaviour with a constant viscosity of ca. 0.1 Pa s, the capsule 

suspensions exhibit shear-thinning behaviours. The rigidity of the capsules and their 

aggregates contribute to the improved viscoelastic moduli and non-Newtonian 

behaviours, attributed to the dense fibril network structure in the capsules and the 

interactions among capsules. Moreover, comparing the steady shear viscosities  with 

the complex viscosity * , which was deduced from the dynamic frequency sweep test, 

the empirical Cox–Merz rule36 stating |𝜂∗(𝜔)| ≅ |𝜂(𝛾̇)|𝛾̇=𝜔 is not obeyed, with * > 

 for the microcapsule suspensions. This discrepancy indicates that steady and 

oscillatory shear probe different states of the suspensions. The steady shear imposed on 

the suspensions can disrupt the cluster structure and the fibril network structure, and 

thus decreases their contribution to suspension viscosity.37 By contrast, the oscillatory 

shear test has very weak destructive effects on the capsules’ structure, and the rheology 

reflects more contribution of the capsules formed by fibril clusters. 



 

Fig. 5 (a) Change in surface area and membrane permeability as a function of osmotic gradients 

induced by dextran. 0.05% FITC-dextran with different Mw (150 and 2000 kDa) was preloaded in 

the capsules, and the release of FITC-dextran reveals the enlarged pore size after swelling of 

capsules. (b) Storage (G') and loss (G'') moduli for microcapsule suspensions with different volume 

fractions ( =0, 10%, and 40%) as a function of frequency (). (c) Complex viscosity (*) and 

steady shear viscosity () as a function of frequency and shear rate, respectively. The control sample 

is 15% (w/v) dextran solution. The insets in b shows the variation of tan  with frequency.  

 

Cell Encapsulation and Spheroids Culture in Microcapsules 

This all-aqueous capsule-synthesis approach offer good opportunities to culture 



cells in membrane-supported liquid compartments.38 By mixing cells with the emulsion 

phase, cell-laden microcapsules with uniform size could be generated by electrospray 

(Fig. S4). Human gallbladder cancer cells (SGC-996) were encapsulated in the hybrid 

microcapsules with a density of 2.5 × 105 cells mL−1 and cultured in the complete H-

DMEM for 24 days (Fig. 5a). It can be observed that cells gradually aggregate into 

clusters and then grew into tumor spheroids. After culture for 24 days, the cell viability 

in the capsule was examined by a live/dead assay. Relatively large tumor spheroids with 

diameters ranging from 200 to 300 μm can be found in capsules, suggesting the good 

permeability and cytocompatibility of the capsules (Fig. 5b-d). As a comparative study, 

GBC cells were encapsulated in the alginate microparticles. With sufficiently long-time 

of in-vitro culture, the cell spheroids cultured in microparticles are relatively small, with 

an average size of less than 150 μm (Fig. 5e). Cell viability test shows that both capsules 

and particles have a good cytocompatibility. The low permeability of solid hydrogel, in 

together with the retarded cell-to-cell contact may explain the differences in cell 

assembly and size of tumor spheroids.39 Besides, capsules can physically entrap more 

cells than alginate particles, attributed to the PEGylated fibril cluster that inhibit protein 

adsorption and cell adhesion. 



 

Fig. 6 Representative images of SGC-996 cell spheroids after encapsulation in (a) microcapsules 

and (e) alginate hydrogel particles for 1, 3, 8, 13, 21, and 24 days. The cell viability of cell spheroids 

in (b-d) microcapsules and (f-h) alginate hydrogel particles evaluated at day 24 by Live/Dead 

staining. The green and red fluorescence represent live and dead cells, respectively. Scale bars: 250 

m. 

 

Conclusions 

In conclusion, we develop an all-aqueous microfluidic approach to fabricate robust 

protein capsules by using fibril clusters adsorbed at the water/water interface. We show 

that fibril cluster better stabilize W/W emulsion than simple fibrils, and robust capsules 

can be prepared by complexing the fibril cluster and alginate at the W/W interface. This 

mild approach enables encapsulation of living cells and culture of large tumor spheroids 

in vitro, with great potentials to be used for cancer drug screening or 3D printing of 

living tissue in hydrogel-free all-aqueous multiphase environment.  



Experimental Section 

Materials: Dextran (500 kDa, Macklin), PEG (35 kDa, Sigma), hen egg white 

lysozyme (Macklin), star-shaped 4-arm maleimido-poly(ethylene glycol) ((MAL)4-

PEG, 2 kDa, 5 kDa, 10 kDa, Seebio Biotech), maleimide-PEG-methoxy (MAL-PEG, 2 

kDa, Seebio Biotech), furfurylamine (Macklin), 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-

4-methylmorpholinium chloride (DMTMM, Macklin), alginate (BR, Aladdin), 

thioflavine T (ThT, Aladdin), FITC-dextran (150 kDa, 2000 kDa, STANDARDS). All 

other reagents were purchased from Aladdin and were analytical grade. 

Synthesis of protein fibrils (PF) and furan-fibril/(MAL)4-PEG clusters. A 20 

mg/mL solution of lysozyme was prepared by dissolving 0.2 g of protein into 60 mL of 

solution containing 12 mL of 1 M HCl, 36 ml of 10 mM HCl and 12 ml of 10 mM NaCl. 

To induce fibril formation, the solution was incubated at 75 C and stirred at 550 rpm 

for 65 h.17 Subsequently, furfurylamine modified fibril was prepared by using the 

amidation reaction following the protocol according to Cai et al.40 In a typical 

experiment, DMTMM (1.4 g) was added into the fibril suspension (2.0%, w/v, 50 mL) 

and kept stirring for 20 min to fully activate the carboxyl groups of fibril. Then, 

furfurylamine (0.75 g) was added dropwise to the suspension. This reaction was 

maintained at room temperature for 24 h under continuous stirring. Afterwards, furan-

fibril was cross-linked using (MAL)4-PEG via D−A click chemistry. In a representative 

example, an appropriate amount of (MAL)4-PEG was added into the furan-fibril 

suspension and allowed to react overnight at room temperature to give the fibril clusters. 

For fibril clusters synthesized by (MAL)4-PEG with different average molecular 



weights (Mw, 2 kDa, 5 kDa, and 10 kDa), the products were named as PF-2k, PF-5k, 

and PF-10k. For fibril clusters synthesized by (MAL)4-PEG (10 kDa) at different 

reactant ratios (the amount of (MAL)4-PEG added into 200 L furan-fibril suspension 

was 0.05 g, 0.10 g, 0.15 g, and 0.20 g), the products were named as PF-1, PF-2, PF-3, 

and PF-4, respectively. 1-arm MAL-PEG (0.16 g) was also used to graft onto the furan-

fibril (200 L furan-fibril suspension) for comparative study.  

FT-IR characterization. Fibril, furan-fibril and fibril cluster (PF-4) were dialyzed 

against ultrapure water for 4 days at room temperature. The purified samples were 

finally freeze-dried. The changes in the chemical structure of dried fibril, furan-fibril 

and fibril cluster samples, as well as (MAL)4-PEG (10 kDa) were qualitatively analyzed 

using FT-IR (Spectrum 100, Perkin Elmer, Inc., USA). Samples were prepared by 

grinding the finely powdered samples with potassium bromide (KBr) and pressed into 

tablets. The spectrum was recorded over the wavenumber range of 4000-400 cm-1. 

Particle size and zeta potential measurements. A Zetasizer Nano-ZS90 (Malvern) 

was employed to measure the particle size and zeta potential of the fibril and fibril 

cluster suspensions. The measurements were taken immediately after diluting the 

samples to 0.02% (w/v, counted by fibrils) with NaCl solution (0.9%). All 

measurements were performed in triplicate at 25 °C. 

Characterization of emulsion stability and partitioning of fibrils or fibril clusters. 

A total of 3% (w/v) dextran and 7% (w/v) PEG were dissolved into a 0.05-0.15% (w/v, 

counted by fibrils) fibril or fibril cluster suspensions, which was diluted by ultrapure 

water or high glucose Dulbecco’s Modified Eagle Medium (H-DMEM, Gibco) 



supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% 

penicillin/streptomycin (Gibco). A vortex was employed to prepare the emulsions and 

ThT (2 mM) was used to label the fibrils or clusters. For dextran/PEG emulsions in 

water, the pH of the system was adjusted to neutral pH using HCl. The emulsion 

stability was monitored after vortexing for 2 min under a fluorescence microscope 

(LWD300-38HMC, CEWEI). The fibril or fibril cluster partitioning in the emulsions 

were imaged. A blue laser with a maximum excitation wavelength of 445 nm was used 

to excite and detect the ThT-labelled fibrils or clusters. Besides, the fibril or cluster 

partitioning in emulsions were also characterized by a confocal laser scanning 

microscope (CLSM, Leica TCS SP8 STED 3X). Moreover, another method was used 

to characterize the partitioning of fibrils or clusters in two phases. Initially, the fibrils 

and clusters in the suspensions were labelled with ThT and incubated at 60 C for 15 

min. Then the samples were washed using PBS through centrifugation (15000 rpm, 8 

min) for 3 times to remove the free ThT. Subsequently, a 15% (w/v) dextran solution 

and an 8% (w/v) PEG solution in PBS were mixed at a 1:1 volume ratio, and the fibrils 

or clusters labelled with ThT were added to the mixture. After homogeneous mixing, 

the mixtures were centrifugated (800 rpm, 10 min) and gingerly transferred to the 

transparent sample cells. The partitioning of yellow fibrils or clusters can be observed 

by naked eyes. 

Fabrication of microcapsules. To prepare microcapsules with uniform size, the 

electrospray approach was employed to produce W/W emulsion droplets firstly. An 

emulsion phase containing 10% (w/v) dextran and 0.3% (w/v) alginate was 



electrosprayed in air to form droplets, and the emulsion phase was dissolved in the 

complete H-DMEM medium. The applied voltage was 2.22.4 kV and the distance 

between the anodic nozzle and cathode was 1.5 mm. The droplets were collected in a 

petri dish containing 3 ml PEG-rich continuous phase (8% PEG, 0.02% PF-4, and 0.1% 

pluronic@-127, w/v) and placed at room temperature for 1 h. Then, 3 ml of 0.2% (w/v) 

CaCl2/8% (w/v) PEG solution was slowly injected into the petri dish. Both of the 

continuous phase and the CaCl2/PEG solution was dissolved in the normal saline. 

Morphological analysis of fibrils, fibril clusters and microcapsules. To preserve the 

original morphology, the microcapsules were first immobilized in 4% glutaraldehyde 

for 1 h, followed by pure water wash for several times. Subsequently, the dehydration 

was carried out through an ethanol gradient (25%, 50%, 75%, and 100%) for 10 min 

each and then dried in the vacuum oven or the liquid carbon dioxide at its super critical 

point. The PF and PF-4 samples were dehydrated by an ethanol gradient and dried in 

the liquid carbon dioxide at its super critical point. The immobilized microcapsules, PF 

and PF-4 samples were coated with a thin film of gold and observed under SEM (JSM-

7800F, 5 kV). 

Decomposition of microcapsules. The decomposition of microcapsules by using 

sodium citrate and trypsin-EDTA were investigated. Microcapsules encapsulating 

FITC-dextran (Mw: 2000 kDa) were treated by sodium citrate (150 mM) and trypsin-

EDTA (0.25% and 0.125%, w/v) for different time, separately. During treating, the 

release of FITC-dextran and the morphological evolution of capsules were monitored 

and imaged. 



Characterization of the microcapsules’ permeability and mechanical properties. 

FITC-dextran with different Mw (150 and 2000 kDa) were mixed with the emulsion 

phase at a concentration of 0.03% (w/v). Microcapsules were prepared using the 

previously described method using this solution. For expansion and release studies, a 

microcapsule was initially transferred into an isotonic 15% (w/v) dextran solution 

dissolved in the normal saline. A certain amount (2050 L) of the solution in external 

phase was slowly replaced by normal saline with the same volume using the pipette, 

and then placed for over 10 min to make the expansion of microcapsule reach 

equilibrium and imaged using the fluorescence microscope. At the same time, the 

release of FITC-dextran was monitored. The operation was repeated until the final 

concentration of dextran in external phase less than 1% (w/v). The diameters of the 

microcapsules at different stages were measured using ImageJ image analysis software 

(NIH, USA). 

   Besides the single-capsule measurements, an ensemble method-rheology was also 

used to determine the mechanical properties of microcapsules. Different amounts of 

microcapsules were produced and gingerly transferred into a 15% (w/v) dextran 

solution dissolved in the normal saline to avoid microcapsule sedimentation during 

rheology measurements. The final volume fractions of microcapsule suspensions were 

10% (v/v) and 40% (v/v), and pure dextran solution was used as a control sample. All 

rheological measurements were performed on a stress-controlled rheometer (Haake, 

MARS III, Thermo Fisher, USA) using concentric cylinder geometry with a bob 

diameter of 25.960 mm and a cup diameter of 27.200 mm. Dynamic frequency sweeps 



were conducted at 25 C and an strain amplitude of 𝛾0 = 1% . This strain was 

confirmed by a dynamic strain sweep to be in the linear viscoelastic regime for all 

microcapsule suspensions. Then steady shear measurements were conducted at 25 C. 

Sample evaporation was minimal in this geometry because of the small area exposed to 

the atmosphere relative to the volume of the sample. 

Cell culture. Human Gallbladder carcinoma (GBC) cell line SGC-996 was purchased 

from the Cell Bank of the Chinese Academy of Science (Shanghai, China). The cells 

were cultured in complete H-DMEM medium in a humidified atmosphere with 5% CO2 

at 37 C. Cells were digested with 0.25% (w/v) trypsin−EDTA (Sigma) for 2 min and 

centrifuged at 1200 rpm for 5 min. 

Generation of cell-laden microcapsules and alginate hydrogel microparticles, 3D 

cell culture and cell’s viability of encapsulated cells. Prior to the electrospraying, the 

cells were digested and suspended in emulsion phase containing 10% (w/v) dextran and 

0.3% (w/v) alginate at a cell density of 2.5 × 105 cells mL−1. Cell-laden microcapsules 

were then generated using the aforementioned method. For the fabrication of cell-laden 

microparticles, the emulsion phase contained 10% (w/v) dextran and 0.5% (w/v) 

alginate at a cell density of 2.5 × 105 cells mL−1, and the continuous phase contained 8% 

PEG, 1.5% CaCl2, and 0.1% pluronic@-127 (w/v). Then the continuous phase was 

washed 3 times using the normal saline, followed by the culture medium. The cell-laden 

microcapsules or microparticles were cultured in the H-DMEM containing 10% FBS 

and 5% penicillin/streptomycin in the incubator. Cell culture medium was changed 

every 10 days. During 24 days of 3D culture, the cell-laden microcapsules or 



microparticles were observed and imaged at days 1, 3, 8, 13, 21 and 24 using a 

microscope to record the morphology change. Cell viability of encapsulated cells was 

evaluated by using live/dead assay. The cell-laden microcapsules or microparticles were 

incubated in cell culture medium with calcein AM (green, live, 1:1000) and propidium 

iodide (red, dead, 1:1000) (LIVE/DEAD viability/cytotoxicity assay kit, Gibco) at 

37 °C for 30 min. Then, the samples were imaged under a fluorescence microscope 

(DMi8, Leica Microsystems GmbH, Germany). 
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