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Abstract 

     In situ gelation of water-in-oil polymer emulsions is a key method to produce hydrogel particles. 

Although this approach is in principle ideal for encapsulating bioactive components such as cells, 

the oil phase can interfere with straightforward presentation of crosslinker molecules. Several 

approaches have been developed to induce in-emulsion gelation by exploiting the triggered 

generation or release of crosslinker molecules. However, these methods typically rely on photo- or 

acid-based reactions that are detrimental to cell survival and functioning. In this work, we 

demonstrate the diffusion-based supplementation of small molecules for the in-emulsion gelation 

of multiple tyramine-functionalized polymers via enzymatic crosslinking using a H2O2/oil 

nanoemulsion. This strategy is compatible with various emulsification techniques, thereby readily 

supporting the formation of monodisperse hydrogel particles spanning multiple length scales 

ranging from the nano- to the millimeter. As proof of principle, we leveraged droplet microfluidics 

in combination with the cytocompatible nature of enzymatic crosslinking to engineer hollow cell-

laden hydrogel microcapsules that support the formation of viable and functional 3D microtissues. 

The straightforward, universal, and cytocompatible nature of nanoemulsion-induced enzymatic 

crosslinking facilitates its rapid and widespread use in numerous food, pharma, and life science 

applications.  
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Main 

Introduction 

     Hydrogels are key to many applications in food, pharmacy, cosmetics, and tissue engineering.1-5 

These structurally stable water-swollen polymer networks have been proven ideally suited for the 

nano- and microencapsulation of bioactive components including cells and drugs.6,7 The 

encapsulating particles are typically produced via molding, atomization, or emulsification of the 

hydrogel precursor solution followed by an in situ gelation strategy.8-10 In particular, emulsions can 

be continuously produced at high rates while stabilizing surfactants make them compatible with 

relatively slow (seconds to minutes) gelation mechanisms such as Michael-type addition,11 

temperature-dependent gelation,12 and enzyme-based crosslinking approaches.13 The majority of 

polymer gelation strategies however requires the presence of crosslinker molecules such as ions 

and radicals,14 which is not trivial in emulsions, as these are typically multiphase immiscible systems 

where oil hampers the direct mixing of the hydrogel precursor and its crosslinker. 

     The most straightforward solution to crosslink hydrogel precursor droplets in an oil phase is by 

adding the crosslinker immediately before emulsification.11,15,16 However, this strategy reduces the 

control over the emulsification process due to increasing liquid viscosity and may result in 

inhomogeneous polymeric networks because the crosslinking is induced before the hydrogel 

precursor and its crosslinker are homogeneously mixed.13 Furthermore, coupling gelation and 

emulsification frequently causes device clogging and off-center cell encapsulation, which hampers 

the long-term applications of cell-laden hydrogel particles.17 Consequently, it is often desirable to 

sequentially perform the emulsification and gelation processes, which requires the in-emulsion 

generation or release of crosslinker molecules. A number of advanced strategies has been 

developed to enable the in situ presentation of a crosslinker upon a chemical or physical trigger, 

such as changing pH, irradiation, and temperature.6,18-21 However, the commonly used acid-, photo-

, and heat-triggered crosslinking strategies are detrimental to cell survival and function, or are 



4 

technically challenging as they require the formation of labile crosslinker-laden complexes.13,22,23 

Alternatively, gelation of emulsified hydrogel precursor droplets can be induced via the diffusion-

based supplementation of crosslinker molecules, which does not depend on technically challenging 

or cytotoxic triggers. For example, alginate microspheres have been formed by supplementing the 

oil phase with crosslinker nanoparticles24,25 and nanodroplets26 that diffuse through the oil phase 

and induce crosslinking of the emulsified polymer droplets. Unfortunately, studies that reported 

on the in-emulsion crosslinking through diffusion of crosslinker molecules have remained limited 

and nearly exclusively focused on the production of alginate microparticles. Expanding the 

portfolio of in-emulsion diffusion-based crosslinkable materials by would facilitate numerous 

hydrogel-based applications. 

      In this work, we demonstrated the in-emulsion enzymatic crosslinking of three distinct tyramine-

functionalized polymers using horseradish peroxidase (HRP) and H2O2 that was supplemented by 

diffusion from a H2O2/oil nanoemulsion. The crosslinker nanoemulsion was combined with various 

emulsification techniques to produce homogeneously crosslinked monodisperse nano-, micro-, and 

millimeter-sized hydrogel particles. Combining the crosslinker nanoemulsion with droplet 

microfluidics readily enabled the production of hollow dextran-based microcapsules that 

supported functional 3D microtissue formation. This confirmed the cytocompatible nature of the 

nanoemulsion-induced enzymatic crosslinking strategy and proved its value for 3D cell culture 

applications. 

 

Results and discussion 

Preparation and characterization of crosslinker nanoemulsion 

     Tyramine-functionalized polymers can be crosslinked in situ via the formation of tyramine-

tyramine bonds using horseradish peroxidase (HRP) as catalyst and low levels of H2O2 as oxidizer 

(Figure 1a). However, this conventionally requires the mixing of these reactive components prior 
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to emulsification, which significantly reduces the control over the emulsification process and 

typically results in deformed particles or bulk gel formation that causes device clogging (Figure S1). 

We therefore set out to develop a facile strategy to achieve in-emulsion crosslinking of tyramine-

functionalized polymers. However, this is not trivial as the oil phase prevents the direct mixing of 

tyramine-functionalized polymer, HRP, and H2O2. We hypothesized, that in-emulsion crosslinking 

could be achieved by combining pre-emulsified enzyme containing precursor droplets with a H2O2 

containing oil. In concept, enzymatic crosslinking of water-in-oil precursor droplets would be 

induced by the diffusion-based supplementation of H2O2 into the enzyme containing precursor 

droplet, while the surfactant containing oil would prevent precursor droplet merging and ensure 

spherically shaped particles (Figure 1b). To realize this, we emulsified H2O2 nanodroplets in oil. 

Compared to microdroplets, nanodroplets are more stable and have higher surface-to-volume 

ratios, which ensures an adequate and constant source of H2O2 molecules, allowing for sustained 

and complete gelation of precursor droplets. We exploited sonication-based emulsification 

followed by centrifugation to prepare the crosslinker nanoemulsion (Figure 1c). Specifically, 30% 

H2O2 and hexadecane with 1% Span 80 surfactant were mixed and sonicated to produce an 

emulsion. Using a subsequent centrifugation step, we obtained a transparent nanoemulsion (i.e. 

supernatant) by separating out the microdroplets and non-emulsified aqueous phase (i.e. 

sediment). Analyzing the supernatant using dynamic light scattering revealed that the obtained 

nanoemulsion was composed of two droplet populations with diameters ranging from 1 to 10 nm 

and 100 to 1000 nm (Figure 1d). The 1 to 10 nm population, which has also been reported by others,27 

was also present in non-emulsified surfactant containing oil and likely caused by micellar formation 

of Span 80 surfactant. We consequently deduced that the 100 to 1000 µm fraction consisted of H2O2 

nanodroplets or -micelles. As shown in Figure 1e, the presence of H2O2 in the nanoemulsion was 

confirmed using a quantitative colorimetric peroxide assay, which revealed a H2O2 concentration of 

~1 g/l (Figure S2). 
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Crosslinker nanoemulsion for homogeneous enzymatic crosslinking of spherical nano-, micro-, and 

millimeter particles made from various tyramine-functionalized polymers 

     Leveraging the H2O2/oil nanoemulsion, we set out to demonstrate in-emulsion crosslinking of 

various tyramine-functionalized materials droplets for the production of monodisperse spherical 

particles. To extend the material compatibility of our nanoemulsion-induced crosslinking strategy, 

we conjugated the enzymatically crosslinkable moiety tyramine to dextran (Dex-TA), hyaluronic 

acid (HA-TA), and polyethylene glycol (PEG-TA), which are three distinct polymers that have been 

proven successful in various biomedical applications.28-31 A facile production method based on 

dripping HRP containing hydrogel precursor droplets from a micropipette into a crosslinker bath 

was used to assess in-emulsion crosslinking of these polymer conjugates (Figure 2a). Dripping the 

polymer solutions in the H2O2/oil nanoemulsion resulted in the formation of shape stable spheres 

for all tested biomaterials (Figure 2b-d). Conversely, dripping in an aqueous bath (i.e. water) that 

had similar H2O2 concentration (i.e. ~ 1 g/l) resulted in amorphously shaped gel particles, confirming 

the important shape stabilizing role of the immiscible oil phase during crosslinking (Figure 2e). The 

structural and mechanical properties of in-emulsion crosslinked (i.e. by H2O2 diffusion) Dex-TA 

hydrogels were then compared to Dex-TA hydrogels that had been prepared using the 

conventional crosslinking approach (i.e. by H2O2 mixing) (Figure 2f). To evaluate the internal 

hydrogel structure, gel precursor droplets were cured on flat substrates and visualized using 

inverted phase contrast (PC) and ultraviolet (UV) fluorescence microscopy. Analyzing the relative 

UV intensity across the hydrogels, as a measure for dityramine (i.e. crosslinked tyramine) 

distribution,32 revealed that diffusion-based crosslinking resulted a more homogeneously 

crosslinked hydrogel interior as compared to samples that were prepared by mixing. Moreover, 

nanoindentation measurements demonstrated that diffusion-based crosslinking resulted in a 

significantly stiffer hydrogel surface (i.e. E-modulus) as compared to the mixing strategy (Figure 

2g). This observation was corroborated by matrix scanning indentation of the hydrogel surface, 

which revealed that in-emulsion crosslinking Dex-TA resulted in ~3-fold less variation in stiffness 
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(Figure 2h). These observations are likely to be explained by the fact that H2O2 induces relatively 

rapid gelation that prevents thorough mixing of all reactive components, thereby resulting in an 

inhomogeneous polymer network when applying the conventional mixing approach, whereas 

nanoemulsion-based crosslinking relies on the diffusion-based gelation of a premixed gel precursor 

solution. 

     As the precursor droplets and crosslinker nanoemulsion are produced separately, the 

nanoemulsion-induced crosslinking is readily compatible with a wide variety of emulsion-based 

droplet production technologies. Indeed, spherical particles ranging from the nano- to the 

millimeter scale could be produced by combining various existing emulsion-based droplet 

production technologies using a chemically identical crosslinker nanoemulsion. In particular, we 

used sonication (Figure 3a, b), droplet microfluidics (Figure 3c-e), and dripping (Figure 3f, g) in 

combination with nanoemulsion based enzymatic crosslinking to demonstrate the production of 

monodisperse spherical Dex-TA particles with diameters spanning at least four orders of magnitude 

(Figure 3h). The generic nature of this crosslinking strategy facilitates its application in various fields 

that rely on the use of emulsion-based particle production including pharma, tissue engineering, 

and food technology.33-37 

Producing hollow hydrogel microcapsules using nanoemulsion-induced enzymatic crosslinking 

     Nanoemulsion-induced enzymatic crosslinking is intrinsically an outside-in process; H2O2 diffuses 

from the oil phase into the gel precursor droplet where it drives the HRP-mediated crosslinking of 

tyramines (Figure 4a). Inhibiting this crosslinking mechanism from the inside (i.e. the aqueous 

phase) using the H2O2 neutralizing enzyme catalase is a proven strategy to form hollow particles or 

capsules (Figure 4b).38,39 We set out to exploit this approach in combination with droplet 

microfluidics to realize the production of hollow Dex-TA microcapsules. To this end, we designed 

and manufactured a dedicated microfluidic chip from polydimethylsiloxane (PDMS) and glass 

(Figure 4c). The microfluidics chip contained several filters to prevent any particles larger than ~50 
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µm in the oil phase (e.g. remaining PDMS particles from inlet punching) from interfering with the 

droplet generation or crosslinking processes (Figure 4d). Furthermore, the aqueous phase inlet 

contained a previously reported pillar structure 13 that ensured particle homogenization to aid 

evenly distributed encapsulation of particles (e.g. cells) (Figure 4e). The flow focusing droplet 

generator (Figure 4f) was positioned a few millimeters upstream of the crosslinker nanoemulsion 

inlet (Figure 4g). This separation between droplet production and crosslinking initiation effectively 

prevented flow instabilities and clogging by preventing polymer gelation at the nozzle. First, we 

assessed the production of non-laden (i.e. without cells) hydrogel microcapsules. After Dex-TA, 

HRP, and catalase containing gel precursor droplets were stabilized, on-chip enzymatic crosslinking 

was induced by introducing H2O2/oil nanoemulsion (~1 g/l) in the serpentine-shaped delay channel 

with an nanoemulsion/oil flow ratio of 1:8 (Figure 4h). The nanoemulsion’s slightly diffuse 

appearance was no longer observed after four channel turns (i.e. 20 mm), which indicated its 

homogenous distribution across the microfluidic delay channel. The resulting 75±1 µm spherical 

particles were retrieved by washing the collected emulsion with surfactant-free oil and breaking it 

in the presence of phosphate-buffered saline (PBS) (Figure 4i). Analyzing these particles using 

confocal microscopy revealed the presence of homogeneously crosslinked shells of even thickness 

(8±1 µm) surrounding a non-crosslinked core, confirming the controlled production of hollow Dex-

TA microcapsules (Figure 4j). 

Engineering functional 3D microtissues in hollow hydrogel microcapsules via nanoemulsion-induced 

crosslinking 

     Hollow microcapsules are ideally suited for the controlled formation of 3D microtissues,25,26,40 

which serve multiple purposes in fundamental biological, pharmacological, and tissue engineering 

applications.41-43 For example, controlled aggregation of cells is key to bottom-up engineering of 

islets of Langerhans for the treatment of diabetes.44,45 To investigate the potential of 

nanoemulsion-induced enzymatic crosslinking for 3D cell cultures, we set out to encapsulate the 
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pancreatic beta cell line MIN6 to form insulin producing microtissues. First, we aimed to identify 

the smallest amount of H2O2 containing nanoemulsion that still resulted in robust cell encapsulating 

microcapsules, as even a small excess of H2O2 (order 1 to 10 mg/l) has been proven detrimental to 

cell functioning.46 The separated configuration of droplet generator and nanoemulsion inlet 

enabled straightforward screening of increasing amounts of crosslinker without affecting droplet 

size. Specifically, cell-laden gel precursor droplets were produced using a constant water/oil ratio 

of 1:8, while the nanoemulsion/oil ratio was stepwise increased from 1:16 to 1:2 (Figure 5a). 

Collecting the on-chip formed samples in an off-chip aqueous bath (i.e. cell culture medium) 

resulted in <25% encapsulated cells in all tested nanoemulsion/oil ratios (Figure 5b). This poor cell 

encapsulation was most likely the result of incomplete on-chip crosslinking and immediate 

demulsification upon collection in the serum-containing aqueous bath. However, by collecting the 

emulsion in an oil bath, immediate demulsification could be prevented. This approach effectively 

increased the enzymatic crosslinking time of cell-laden droplets from seconds (on-chip) to minutes 

(in-suspension) resulting in robust Dex-TA microcapsules that encapsulated ~90% of the cells while 

using minimal amounts of H2O2. Using this optimized encapsulation strategy, we compared viability 

rates of encapsulated to non-encapsulated (i.e. syringe control) cells using a live/dead assay (Figure 

5c). This revealed that the encapsulation procedure had no detrimental effect on cell survival 

(Figure 5d). The encapsulated cells autonomously assembled into 3D microtissues within a single 

day (Figure 5e) and continued to proliferate during subsequent in vitro culture (Figure 5f), which 

significantly increased the cell aggregates’ size (Figure 5g). KI67 staining revealed that MIN6 cells 

intensively proliferated as early as day 1 post encapsulation, which underlined the cytocompatible 

nature of the nanoemulsion-induced enzymatic crosslinking strategy (Figure 5h). Importantly, 

encapsulated and aggregated MIN6 cells remained positive for insulin staining throughout the 

culture period, indicating that the MIN6 cells remained functional during encapsulation and 

subsequent culture, further confirming the mild and cytocompatible nature of the procedure 

(Figure 5i). 
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Conclusion 

     In conclusion, we demonstrated the successful preparation and application of nanoemulsified 

H2O2 for the in-emulsion enzymatic crosslinking of tyramine-functionalized polymers including 

dextran (Dex-TA), hyaluronic acid (HA-TA), and polyethylene glycol (PEG-TA). In-emulsion 

enzymatic crosslinking readily enabled monodisperse spherical particle formation over a size range 

spanning at least 4 orders (nm to mm). Furthermore, diffusion-based crosslinking resulted in more 

homogenously crosslinked Dex-TA hydrogels that yielded higher and more consistent Young’s 

moduli as compared to the conventional hydrogel preparation method. Lastly, we introduced the 

crosslinker nanoemulsion in a microfluidic chip and leveraged its cytocompatible nature to produce 

cell-laden hollow microcapsules that facilitated the controlled formation of viable and functional 

3D microtissues. In short, we demonstrated that a H2O2/oil nanoemulsion enabled facile, 

homogeneous, and cytocompatible in-emulsion enzymatic crosslinking of multiple distinct 

hydrogel precursor polymer droplets to form solid and hollow spherical particles with diameters 

ranging from the nano- to the millimeter scale. 

 

Experimental section 

     Materials: Dex-TA, HA-TA, and PEG-TA were synthesized as previously described.47-49 The resulting 

Dex-TA and HA-TA contained 15 and 3 tyramine moieties per 100 repetitive units, respectively. PEG-

TA contained 5 tyramine moieties per 8-armed PEG molecule. Horseradish peroxidase (HRP, type 

VI), H2O2 (with inhibitor), hexadecane, Span 80, peroxide color indicator strips (Quantofix), fetal 

bovine serum (FBS), iodixanol (OptiPrep), Calcein-AM, ethidium homodimer-1 (EthD-1), buffered 

formalin, Triton X-100, Tween 20, and bovine serum albumin (BSA) were purchased from Sigma-

Aldrich. Catalase (from bovine liver) was purchased from Wako. Phosphate-buffered saline (PBS) 

was purchased from Lonza. Dulbecco's Modified Eagle’s Medium (DMEM), Minimal Essential 
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Medium α with nucleosides (αMEM), Penicillin and Streptomycin, GlutaMAX, 2-mercaptoethanol, 

HEPES, and trypsin-EDTA were purchased from Gibco. Basic fibroblast growth factor (ISOKine 

bFGF) was purchased from Neuromics. Anti-KI67-FITC (556026) was purchased from BD 

Biosciences. Anti-insulin (AB7842) was purchased from Abcam. Fluorescently labeled phalloidin and 

secondary antibodies were purchased from purchased from Molecular Probes. DAPI was 

purchased from Invitrogen. Polydimethylsiloxane (PDMS, Sylgard 184) was purchased from Dow 

Corning. Aquapel was purchased from Vulcavite. 

     Preparation and characterization of crosslinker nanoemulsion: Crosslinker emulsion was prepared 

by mixing 30% (w/v) H2O2 and 1% (v/v) Span 80 containing hexadecane in a 1:5 volume ratio using a 

p1000 micropipette, and subsequent sonication for 5 minutes (Engisonic 200, 30 W, 47 kHz), mixing 

by shaking, and again 5 minutes sonication. To obtain a pure nanoemulsion, microdroplets were 

removed by 5 minutes centrifugation at 2000g. The size distribution of the obtained nanoemulsion 

was analyzed by measuring a 100 times diluted sample using dynamic light scattering (Zetasizer 

Nano ZS, Malvern). As a blank control, we measured surfactant containing hexadecane that was 

not emulsified with H2O2. The H2O2 concentration of the nanoemulsion was quantified using a color 

indicator strip that was pre-wetted with demineralized water. 

     Preparation and characterization of solid hydrogel particles: Millimeter-sized particles were 

produced by dripping 10 µl hydrogel precursor polymer droplets that consisted of 10% (w/v) 

tyramine-functionalized polymer and 11 U/ml HRP in PBS into H2O2/oil nanoemulsion. Alternatively, 

millimeter-sized particles were produced by putting 10 µl hydrogel precursor droplets that 

contained premixed 10% (w/v) Dex-TA and 11 U/ml HRP on a polystyrene substrate and subsequently 

covering them with 1 g/l H2O2 nanoemulsion. Millimeter-sized particles were also produced by 

mixing 10% (w/v) Dex-TA, 11 U/ml HRP, and 0.06% (w/v) H2O2 in 10 µl droplets using at least 10 times 

vigorous pipetting on a polystyrene substrate on ice, followed by a post-cure with 0.06% (w/v) H2O2 

in PBS. Nanoparticles were produced by mixing H2O2/oil nanoemulsion with hydrogel precursor 
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nanoemulsion that were prepared using the same sonication and centrifugation protocol. 

Microparticles were produced using a microfluidic droplet generator, where hydrogel precursor 

solution and H2O2/oil nanoemulsion were used as the dispersed and continuous phase at a 1:8 flow 

ratio, respectively. Alternatively, the continuous phase was 1% (v/v) Span 80 containing hexadecane 

and crosslinking was induced by introduction of H2O2/oil nanoemulsion using a separate inlet in the 

delay channel downstream of the droplet generator. Solidified hydrogel particles were separated 

from the oil phase by washing with surfactant-free oil in the presence of PBS. To retrieve the 

nanoparticles, a small amount of 2-propanol was added to the PBS. Crosslinked tyramines (i.e. 

dityramines) autofluoresce under ultraviolet (UV) light with excitation maximum at 315 nm and 

emission maximum at 405 nm.32 To analyze the internal structure of millimeter-sized hydrogels, 10 

µl hydrogel precursor droplets on flat polystyrene substrates were crosslinked and visualized using 

inverted phase contrast (PC) and fluorescence microscopy (EVOS FL with DAPI light cube). The 

relative UV intensity (i.e. intensity / average intensity) across hydrogels was measured using 

ImageJ. For nanoindentation, millimeter-sized hydrogels were placed on a glass stage in PBS and 

measured on at least four locations using a probe with a cantilever stiffness of 18.7 N/m and a 

diameter of 214 µm (Piuma, Optics11). Effective Young’s moduli were determined by applying the 

Oliver-Pharr theory on the unloading part of indentation curves that were obtained using the 

following piezo indentation sweep settings (relative to piezo position set point at start): D[Z1] = 0 

nm, t[1] = 2.0 s; D[Z2] = 15,000 nm, t[2] = 1.0 s (loading); D[Z3]= 15,000 nm, t[3] = 7.0 s (holding); 

D[Z4] = 0 nm, t[4] = 20.0 s (unloading); D[Z5] =0 nm, t[5] 2.0 s. To determine the variation in stiffness 

(coefficient of variation), matrix indentation was performed on at least 16 positions spaced 300 µm 

apart using the same indentation protocol and a probe with a cantilever stiffness of 24.5 N/m and 

a diameter of 70 µm. Size distributions of nano- and micro-, and millimeter-sized particles were 

determined using dynamic light scattering and phase contrast microscopy in combination with a 

Matlab function for circle size analysis (imfindcircles.m), respectively. 
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     Preparation of microfluidic chips: Microfluidic chip designs were made using CAD software 

(Clewin, WieWeb) and chips with 100 µm high channels were manufactured from PDMS and glass 

using standard soft lithography techniques. Aquapel was introduced in the chips before usage to 

ensure channel wall hydrophobicity. Chips were connected to gastight syringes (Hamilton) using 

fluorinated ethylene propylene (FEP, inner diameter 250 µm, DuPont), which were controlled by 

low pressure syringe pumps (neMESYS, Cetoni). 

Preparation of (cell-laden) microcapsules: Hydrogel precursor solution that consisted of 5% (w/v) 

Dex-TA, 22 U/ml HRP, and 83,000 U/ml catalase in PBS was emulsified with 1% (v/v) containing 

hexadecane using a microfluidic droplet generator at a 1:6 precursor/oil flow ratio. The non-cell-

laden precursor droplets were crosslinked by the influx of crosslinker nanoemulsion at a 1:8 

nanoemulsion/oil flow ratio further downstream the delay channel, resulting in Dex-TA 

microcapsules through competitive enzymatic crosslinking. For cell-laden microcapsule 

production, mouse insulinoma MIN6-B1 cells were cultured in MIN6 proliferation medium, 

consisting of 10% (v/v) FBS, 100 U/ml Penicillin and 100 mg/ml Streptomycin, and 71 µM 2-

mercaptoethanol (added fresh) in DMEM. Cells were cultured under 5% CO2 at 37 °C and medium 

was replaced 3 times per week. When cell culture reached near confluence, the cells were detached 

using 0.25% Trypsin-EDTA at 37 °C and subsequently subcultured or used for experimentation. For 

cell encapsulation, detached cells (passage 35) were washed with MIN6 proliferation medium, 

flown through a 40 µm cell strainer, and suspended in the hydrogel precursor solution (to which 8% 

(v/v) OptiPrep was added to obtain ρ = 1.05 g/l which reduces cell settling and aggregation) at a 

concentration of 7.5·107 cells/ml. The cell-laden hydrogel precursor solution was loaded into an ice-

cooled gastight syringe where it was gently agitated every ten minutes using a magnetic micro 

stirring bar. The cell-laden precursor droplets were crosslinked by the influx of crosslinker 

nanoemulsion at various nanoemulsion/oil flow ratios as indicated in Figure 5. The resulting 

microcapsules were collected in MIN6 proliferation medium supplemented with 0.02 M HEPES or 

in surfactant containing hexadecane. To break the emulsion and retrieve the microcapsules from 
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the oil phase, microcapsules were washed with surfactant-free oil in the presence of PBS or MIN6 

proliferation medium. Retrieved cell-laden microcapsules were cultured in MIN6 proliferation 

medium which was refreshed three times per week. 

     Staining and visualization: Millimeter-sized particles were imaged using a standard digital photo 

camera. On-chip droplets and microgels were visualized using a stereomicroscope set-up (Nikon 

SMZ800 equipped with Leica DFC300 FX camera). Nanoparticles were washed with water, air-dried 

and subsequently imaged using scanning electron microscopy (Zeiss Merlin HR-SEM) at 0.65 kV. 

Collected microemulsions and -particles were imaged using phase contrast microscopy. 

Microcapsules were analyzed by selectively labeling crosslinked Dex-TA with EthD-1 and 

visualization using confocal microscopy (Nikon A1+). Optical cross sections were analyzed using 

ImageJ. Viability of encapsulated cells was analyzed by staining with 2 µM calcein-AM and 4 µM 

EthD-1 in PBS, visualization using fluorescence microscopy (EVOS FL), and artisan counting of > 300 

cells per condition. For additional analyses, cell-laden microgels were first washed with PBS and 

fixated using 10% buffered formalin. For immunohistochemistry, samples were permeabilized with 

0.1% Triton X-100, blocked with 5% (w/v) bovine serum albumin and 0.05% (v/v) Tween 20, and 

stained with 1:100 anti-KI67-FITC (556026, BD Biosciences), 1:100 anti-insulin (AB7842, Abcam), in 

combination with 1:400 AF647-labeled secondary antibodies, and 2.5 U/ml phalloidin-AF488 and 

DAPI to counterstain F-actin, and nuclei, respectively. MIN6 aggregate size distributions were 

determined by measuring the surface area of >50 aggregates per condition using ImageJ, 

represented as box plots, and analyzed for statistical significance using one-way ANOVA. 
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Figures 

 

Figure 1. Preparation, and characterization of crosslinker nanoemulsion. (a) Tyramine moieties are 

crosslinked by the enzyme HRP in the presence of H2O2. (b) Concept of in-emulsion crosslinking 

HRP containing hydrogel precursor droplets using a H2O2/oil nanoemulsion (c). The nanoemulsion 

is prepared and purified by sonication-mediated emulsification of H2O2 in oil and subsequent 

centrifugation. (d, e) The presence of 1 g/l H2O2 containing nanoemulsion was confirmed using 

dynamic light scattering and a quantitative colorimetric peroxide assay.  
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Figure 2. Spherical and homogeneous particle production using nanoemulsion-induced enzymatic 

crosslinking. (a) Dripping HRP containing tyramine-functionalized hydrogel precursor solutions 

from a micropipette into a H2O2/oil nanoemulsion bath resulted in spherical (b) Dex-TA, (c) HA-TA, 

and (d) PEG-TA particles, (e) which was in sharp contrast to the amorphously shaped particles that 

formed upon dripping the same Dex-TA precursor solution into an aqueous bath with similar H2O2 

concentration as the H2O2/oil nanoemulsion bath. (f) The conventional hydrogel preparation 

method (i.e. mixing) was compared to diffusion-based crosslinking. To study the intrinsic hydrogel 

crosslinking (i.e. dityramine) distribution, hydrogels were prepared on top of flat substrates and 

analyzed in a cross manner sectional using inverted phase contrast (PC) and ultraviolet (UV) 

fluorescence microscopy. Nanoemulsion-induced crosslinking resulted in a more homogeneously 

crosslinked hydrogel interior as compared to mixing. Furthermore, (g) hydrogels prepared using 

diffusion-based crosslinking were significantly stiffer and (h) characterized by significantly less 

spreading (coefficient of variation; CV) than hydrogels prepared by directly mixing the gel 

precursor with a non-emulsified H2O2 solution. * indicates significance between populations with 

p<0.05. Black scale bars indicate 2 mm.  
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Figure 3. Monodisperse nano-, micro-, and millimeter particle production using nanoemulsion-

induced enzymatic crosslinking. (a) Mixing HRP and Dex-TA containing nanoemulsion prepared 

using sonication resulted in (b) Dex-TA nanoparticles when mixed with H2O2/oil nanoemulsion, as 

confirmed with scanning electron microscopy. (c) Droplet microfluidics was used to generate (d) 

20 µm and (e) 100 µm Dex-TA microparticles using H2O2/oil nanoemulsion as the continuous phase. 

(f) Dripping hydrogel precursor solution into a H2O2/oil nanoemulsion bath resulted in (g) spherical 

millimeter-sized particles. (h) Size distributions of Dex-TA particles produced with various 

emulsification-based technologies in combination with in-emulsion enzymatic crosslinking using 

crosslinker nanoemulsion. PDI indicates polydispersity index. CV indicates coefficient of variation.  
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Figure 4. Hollow microcapsules production using nanoemulsion-induced enzymatic crosslinking. 

(a) Nanoemulsion-induced crosslinking is an outside-in process where small H2O2 molecules diffuse 

from the nanoemulsion through the oil phase into the gel precursor droplet to induce enzymatic 

crosslinking. (b) The enzyme catalase consumes H2O2 and can be incorporated in the gel precursor 

to achieve competitive enzymatic crosslinking that results in hollow hydrogel capsule formation. 

(c) The microfluidic microcapsule production chip containing (d) oil inlets with particle filters, (e) a 

gel precursor inlet with particle homogenizer, (f) a flow focusing droplet generator, and (g) an inlet 

for the crosslinker nanoemulsion, as shown by a schematic depiction and scanning electron 

microscopy images, respectively. (h) Microphotograph of the microfluidic chip in action, where 

Dex-TA, HRP, and catalase containing precursor droplets in oil (blue arrow) are solidified after the 

influx of H2O2/oil nanoemulsion (red arrow) into (i) robust microcapsules with (j) non-crosslinked 

centers, as confirmed by confocal imaging of the retrieved hydrogels.  
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Figure 5. Functional 3D microtissue formation in hollow microcapsules. (a) Hollow microcapsule 

formation was optimized by tuning the nanoemulsion/oil flow ratio and changing the off-chip 

collection bath from aqueous culture medium to surfactant containing oil, (b) while quantifying the 

fraction of encapsulated cells in collected samples. (c) The viability of microencapsulated MIN6 cells 

was (c) visualized and (d) quantified using live/dead staining and compared to non-encapsulated 

cells (i.e. syringe control). (e) Within one day, encapsulated MIN6 cells formed microaggregates 

that (f, g) significantly grew during subsequent in vitro culture as a result of (h) cell proliferation, 

which was confirmed by (h) KI67-positive cells in the 3D microtissues on day 1. (i) The MIN6 cells 

remained viable and functional throughout the encapsulation procedure and subsequent culture, 

as confirmed by insulin-positive 3D microtissues on day 7. Scale bars indicate 50 µm. * indicates 

significance with p<0.001. 
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Figure S1. Mixing HRP, Dex-TA, and H2O2 typically results in clogging of the microfluidic droplet 

generator, thereby hampering its further use for hydrogel microparticle production. 

 

 

Figure S2. H2O2/oil nanoemulsion contained ~1 g/l H2O2, as determined using a 100x diluted emulsion 

on a quantitative peroxide color indicator strip. 

 


