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Abstract 

Microcapsules with aqueous core can be conveniently prepared by water-in-oil-in-water double 

emulsion microfluidics. However, conventional shell materials are either based on polymers or 

monomers that are soluble in the oil phase, or based on hydrophobic colloidal particles. As a result, 

microcapsules derived from double emulsions usually feature a hydrophobic shell that is not 

semipermeable for water-soluble compounds. While capsules with semipermeable hydrogel shells have 

been demonstrated, these may exhibit poor mechanical properties and lack the robustness required in 

many applications. In this study, amphiphilic polymer conetworks (APCNs) based on poly(2-
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hydroxyethyl acrylate)-linked by-polydimethylsiloxane (PHEA-l-PDMS) are introduced as a new class 

of wall materials in double emulsion microcapsules. These APCNs are mechanically robust silicone 

hydrogels that are swellable and permeable to water, and are soft and elastic in the dry and swollen 

states. Thus, the microcapsules can be dried and rehydrated multiple times or shrunken in sodium 

chloride salt solutions without getting damaged. Moreover, the APCNs are semipermeable for 

hydrophilic organic compounds, while being impermeable for macromolecules and colloids. Thus, they 

can be loaded with macromolecules or nanoparticles during microfluidic formation, and with organic 

molecules after capsule synthesis. Uptake into and release from the capsules were studied with the 

model compounds fluorescein and fluorescently labelled dextran. Moreover, the microcapsules served 

as microreactors for catalytically active platinum nanoparticles that decomposed hydrogen peroxide. 

Finally, the surface of APCN microcapsules can be selectively functionalized with a cholesterol-based 

linker that non-covalently binds to the hydrophobic domains of the APCN. Thus, APCN microcapsules 

represent versatile and broadly applicable capsules that could find application for the controlled delivery 

of drugs, as microreactors for synthesis, or even as scaffolds for synthetic cells.   

  

Keywords: Microfluidic double emulsion, Microcapsules, Amphiphilic polymer conetworks, Silicone 
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Introduction 

Microfluidic devices allow preparation of water-in-oil-in-water (W/O/W) double emulsions with 

defined droplet sizes. In these double emulsions, an oil layer separates a water-filled compartment from 

the surrounding bulk water. If the oil layer contains compounds that can cure and solidify, the double 

emulsion droplet can be converted into a microcapsule in which a thin shell surrounds a liquid aqueous 

interior.1-7 These microcapsules are useful for several applications, including drug or fragrance 

delivery,1, 6, 8 cosmetics and food additives encapsulation,1 as microreactors for enzymes,9 or as a shell 

for artificial cells.5, 9 Double emulsion capsules have also been used to encapsulate nanoparticles, for 

instance, TiO2 and ZnO nanoparticles, to create catalytic systems that can degrade organic pollutants.10  

Shell materials of these microcapsules can be synthetic or natural polymers, or colloidal particles that 

stabilize the oil phase. These components or their precursors must be soluble in the oil phase, namely 

an organic solvent that is not miscible with water. Thus, they are usually hydrophobic polymers, 

hydrophobic monomers, hydrophobic colloidal particles, or mixtures thereof. As a result, double 

emulsion microcapsule walls are also hydrophobic and, therefore, impermeable for water or water-

soluble compounds, unless the capsule wall is micro- or nanoporous. However, a shell that is 

semipermeable for water-soluble compounds is essential for many applications. These include, for 

example, applications requiring slow release of hydrophilic cargo from the inside of the capsules, or the 

transport of water-soluble substrates to reach the catalysts within capsule microreactors. One possibility 

to create more polar shells is to use polymers that are soluble in water and in organic solvents, such as 

poly(ethylene glycol) (PEG). Indeed, hydrogel microcapsules could be prepared by polymerization of 

PEG macrocrosslinkers, such as α,ω- dimethacrylate-terminated PEG.9, 11 However, when dried, PEG 

hydrogels lose their elasticity and, therefore, it is difficult to dry such hydrogel microcapsules without 

damaging the capsules. Other approaches to create double emulsion microcapsules that allow for 

transport of hydrophilic compounds across their shell have been proposed. For example, capsules with 

a permeable self-healing shell have been prepared using a dynamically-crosslinked polymer network 

that can seal holes formed upon capsule cracking.12 In other instances, permeable capsules have been 

made through phase separation of polymers during UV-induced polymerization of the middle oil fluid,13 
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or by packing colloids in the middle phase to form colloidosomes  with intrinsically microporous 

shells.14 However, such microcapsules usually lack mechanical stability and toughness, and may show 

limited functionalization capability.  

Amphiphilic polymer conetworks (APCNs) can potentially address several of the drawbacks of 

currently available shell materials. APCNs are composed of chemically crosslinked hydrophilic and 

hydrophobic polymer chain segments, and are exquisite materials with unique properties.15-20 They are 

hydrogels that also swell in organic solvents. As the covalent crosslinks hinder macroscopic demixing 

of the chain segments of opposite polarity (i.e. macroscopic spinodal phase separation), APCNs possess 

nanophase-separated morphologies that are often co-continuous over a broad range of compositions,21-

36 thereby allowing for diffusion of dissolved molecules across the material. This makes them 

semipermeable and suitable for membrane37-42 and drug-delivery applications.43-46 Moreover, they are 

transparent,24, 47-49 biocompatible,46, 50-55 and possess good mechanical properties, including elasticity 

when swollen and when dry,24, 36, 53, 56-61 lending themselves mechanically superior to other hydrogels. 

APCNs are used in every-day life as a material for extended-wear soft contact lenses,62-65 and have been 

explored as biomaterials for the encapsulation of cells,60, 66, 67 and for many other applications. 

Importantly, a common synthesis strategy towards APCNs is to copolymerize a hydrophobically 

masked monomer with a hydrophobic crosslinker, followed by conversion of the hydrophobic precursor 

network into an amphiphilic polymer conetwork by cleavage of the masking groups.16, 22, 24, 68, 69 Thus, 

the monomer mixture is soluble in organic solvents, and therefore fully compatible with the oil phase 

of double emulsions.  

Here, we introduce APCNs as shell material for double emulsion-derived microcapsules. The type of 

APCN that we selected to prepare double emulsion microcapsules is poly(2-hydroxyethyl acrylate)-

linked by-polydimethylsiloxane (PHEA-l-PDMS), a material which has been of long-standing research 

interest for our and other research groups. These APCNs are elastic materials,61 and have been 

investigated for applications including: semipermeable membranes,24 as matrix for phase transfer 

reactions of enzymes in organic solvents70, 71 and supercritical CO2,72 as light-responsive membranes,41 

controlled release antimicrobial coatings,73 as matrix for luminescent solar concentrators,48, 49, 74 as 
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material for colorimetric (bio)sensors,75-77 and as self-sealing and puncture resistant breathable 

membranes.78 Additionally, PHEA-l-PDMS APCNs can be functionalized post polymerization by using 

the active ester pentafluorophenyl acrylate as an additional comonomer,77, 79 or they can be mechanically 

reinforced by incorporation of peptide blocks between the PDMS segments and the crosslinking 

points.61 Previously, PHEA-l-PDMS APCNs have been studied as coating on surfaces,24 as freestanding 

films and membranes,24 as well as solid microparticles,71 but not as capsules. 

PHEA-l-PDMS microcapsules were prepared in a Lego®-inspired microfluidic double emulsion 

device80, 81 and were loaded with platinum nanoparticles (PtNPs) as active catalysts during their 

microfluidic preparation. Inspired by the swelling and deswelling of pollen grains in response to various 

hydration levels,82 the ability of capsules to recover after having been dried and rehydrated was studied. 

Moreover, the capsules' ability to osmotically shrink was examined by exposing them to high salt 

concentrations. The capsules are semipermeable for small water-soluble compounds but are 

impermeable for encapsulated macromolecules and colloids. This feature was harnessed to make 

microreactor capsules for the decomposition of hydrogen peroxide by the encapsulated PtNPs. 

Furthermore, the capsules’ outer surface could be stably and selectively functionalized with a PEG3000-

cholesterol linker, whereby the cholesterol was inserted into the hydrophobic domains of the APCN. 

 

Results and discussions 

 

The APCN double emulsion microcapsules were prepared using a Lego®-inspired glass capillary 

microfluidic device developed by the group of Vladisavljević,80, 81 which offers a greatly simplified 

approach to double emulsion microfluidics compared to manually assembled glass capillary devices 

and allows the use of hydrophobic monomers. The device consists of two plastic blocks that can be 

easily joined together and separated using a Lego-inspired stud-and-hole coupling system that aligns 

the incorporated glass capillaries. The plastic blocks host two round glass capillaries inside a coaxially 

aligned round outer capillary.80 Figure 1 schematically shows the configuration of the capillaries and 

the overall experimental set-up for the preparation of double emulsion microcapsules. One syringe 
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pump delivered, in two separate channels, the water-based inner phase and the middle oil phase, which 

contained toluene as water-immiscible solvent, as well as the hydrophobic monomer 2-

(trimethylsilyloxy)ethyl acrylate (TMS-HEA), the hydrophobic macromolecular crosslinker ,-

dimethacrylate-terminated PDMS (MA-PDMS-MA) and a photoinitiator for free radical 

polymerization, in a 50:50 wt% composition of PHEA and PDMS. A second syringe pump delivered 

the 2 wt% of PVA -based outer phase. W/O/W double emulsions were formed in the microcapillary 

device and collected in a vial, which was irradiated with UV-light to initiate the polymerization and to 

form hydrophobic polymer conetworks in the oil phase. They were then converted into PHEA-l-PDMS 

amphiphilic polymer conetworks by cleaving the TMS groups in an isopropanol-water mixture. 

The success of the double emulsification process and the size of the resulting APCN capsules depended 

on the diameters of the injection and collection capillary openings, the distance between the tip of the 

capillaries, and the flow rates of the three phases. The distance between the capillaries was 150 µm and 

the diameter of the inner capillary and the collector were set to 100 and 350 µm, respectively. The flow 

rates were optimized for the given distance between capillaries to obtain double emulsion 

microcapsules, as examined by microscopy. The flow rate of the outer phase varied in the range 50 – 

80 mL h-1, the flow rate of the middle phase varied between 4 - 6 mL h-1, and the flow rate of the inner 

phase was set to values between 2.5 - 3 mL h-1. It was not possible to form double emulsions if the inner 

capillary and collector were too close or if the speed of the middle and inner phases were in the same 

order of magnitude.  

The microscopy image in Figure 1C shows an example of the capsules after the polymerization and 

TMS-cleavage step. In this typical batch, spherical APCN microcapsules with an outer diameter of 412 

± 23 µm and a shell thickness of 59 ± 14 µm were obtained, when water-swollen. However, the capsule 

size could vary slightly with each batch. The shell of each capsule had a slightly asymmetric thickness, 

which is a commonly observed phenomenon for double emulsion microcapsules as the inner phase sinks 

within the oil phase shell before curing due to gravity, solvent evaporation and the difference in flow 

speeds between the inner and middle phases.83-85  
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Figure 1. Schematic depiction of the Lego®-inspired glass capillary microfluidic device and the 

experimental set-up used to produce double emulsion APCN microcapsules. A) Microfluidic formation 

of a double emulsion with a solution of monomer, macromolecular crosslinker, and photoinitiator in 

toluene as the oil middle phase, and an aqueous inner phase that optionally contained Pt nanoparticles, 

as well as an aqueous outer phase that contained polyvinyl alcohol (PVA) as surface active polymer. 

The double emulsion was irradiated with UV light to synthesize a hydrophobic polymer conetwork in 

the oil phase. B) Conversion of the hydrophobic precursor conetwork into a PHEA-l-PDMS APCN by 

cleavage of the TMS groups in a water-isopropanol mixture. C) Optical microscope image of APCN 

double emulsion microcapsules suspended in water. (The depicted microcapsules were prepared with 

PtNPs in the inner phase.) Scale bar: 200 µm. 
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The shell of the capsules is optically transparent, which indicates that no macroscopic phase separation 

occurred during the synthesis of the APCNs, which would have resulted in turbid materials.24 As PHEA 

and PDMS chain segments in the APCNs are not miscible, nanophase separation is expected to occur. 

The phase separation within the shell was confirmed by differential scanning calorimetry (DSC) of the 

APCN microcapsules, which revealed two glass transition temperatures, at -123 °C, corresponding to 

PDMS,86 and 4 °C, corresponding to PHEA87, 88 (Figure S1a). Thermogravimetric analysis under a 

nitrogen atmosphere indicated a mass loss with an onset at 150 °C and mass loss of 7% until 265 °C, 

after which the main mass loss proceeded over a relatively large temperature range up to 470 °C (Figure 

S1b). The observed two-step mass loss corresponds most likely to the PHEA and PDMS chain segments 

of the APCN. Moreover, when PtNPs were present in the microcapsules, the mass loss in TGA 

experiments extended to above 550 °C. Attenuated total reflection Fourier-transform infra-red (ATR 

FT-IR) spectra of dried APCN microcapsules show no evidence of the absorption bands at 1637 and 

837 cm-1 (Figure S2), indicating that the TMS group was cleaved off and that PHEA chain segments 

formed.  

Inspired by the dehydration and hydration of pollen grains, the drying and subsequent recovery of the 

microcapsules in water were studied through different drying-swelling cycles. One advantage of PHEA-

l-PDMS over other microcapsule wall materials is that the APCNs are soft and flexible in both the 

swollen and dry states. Figure 2 shows microscopy images of the capsules before, during, and after 

completing four drying-wetting cycles with water. The experiment reveals that the APCN 

microcapsules exhibit remarkable robustness even under the high stresses developed in the drying and 

rehydration processes. In the fully hydrated state, the capsules had a diameter of 266 ± 11 µm (Table 

S1). When dried, they became deflated and bowl-shaped, most likely because the inner cavity of the 

capsules dried up and the capsule wall bulged inwards. After incubation in water for 20 minutes, the 

capsules recovered to a full spherical shape of the same size as before drying (Table S1). This process 

could be repeated at least four times. No damage to the capsules was visible after each dehydration-

rehydration cycle, indicating good recovery of the swollen APCN capsules, most likely because of the 

elastic nature of the capsule shell. In the microscopy images, the dry capsules seem to have cracks on 
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their surface. However, scanning electron microscopy (SEM) images (Figure 3 and Figure S3) show 

that they are just wrinkles generated during drying. In the SEM images, the surface of the dry capsules 

after each of the drying steps appears smooth without any cracks or other defects, and the bowl-shape 

of the deflated capsules can be clearly seen. This confirms that the capsules remained intact during the 

drying process and that the water inside of the capsules had left them by diffusing through the capsule 

wall.  

 

Figure 2. Transmission light microscopy images of hydrated and dry APCN microcapsules over four 

hydration and dehydration cycles. A-D) Hydrated microcapsules in water: A) As prepared, B) After the 

first dehydration-rehydration cycle, C) After the second dehydration-rehydration cycle, D) After the 

third dehydration-rehydration cycle. E-H) Dry microcapsules in air: E) After first dehydration, F) After 

second dehydration, G) After third dehydration, H) After fourth dehydration. The depicted 

microcapsules were prepared with PtNPs in the inner phase. Scale bars = 200 µm. 

 

 

Figure 3. SEM images of dry APCN microcapsules after first dehydration. A) 100 x magnification. B) 

300 x magnification. The depicted microcapsules were prepared with PtNPs in the inner phase. 
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Confocal laser scanning microscopy (CLSM) was used to quantify the thickness of the capsule wall 

(Error! Reference source not found.). To this end, the capsules were fluorescently stained with Nile 

Red (NR) to highlight their polymeric shell. When hydrated, the capsule wall was 25 - 30 µm thick. 

When the capsules were dried, they adopted the bowl-like shape which made an exact measurement of 

wall thickness difficult. Apparently, the thickness of the capsule wall increased to 55 – 85 µm, which 

corresponds to approx. two times the wall thickness, which would be expected when the shell bulges. 

Error! Reference source not found.d-f shows the dry capsules after different numbers of dehydration-

rehydration cycles. No cracks or other damage to the shell were observed, confirming the remarkable 

robustness and the mechanical resilience of the APCN capsules.   

Hydrated APCN microcapsules shrank when placed in a saturated salt solution, such as brine (Figure 

4), most likely because the water diffused out of the capsules in response to the osmotic pressure across 

the capsule wall. The shrinking process took about 20 min until the size of the capsules stabilized, with 

the capsule diameter decreasing from 263 ± 32 µm to 172 ± 40 µm. Moreover, shrinkage changed the 

shape of the capsules from spherical to bowl-like morphology.  

 

 

Figure 4. Shrinking of APCN microcapsules in saturated sodium chloride solution as observed by light 

microscopy. A) Capsules in water before the addition of brine. B) Capsules after 20 minutes in a brine 

solution. The depicted microcapsules were prepared with PtNPs in the inner phase. Scale bars = 200 

µm. 
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The permeability of the microcapsule shell was studied using fluorescent dyes of different sizes (Figure 

5 and Supporting Information Videos). A small molecule like fluorescein (340 Da) could diffuse into 

the capsules, as shown in the supporting information video V1 and Figure S5. However, FITC-labelled 

dextran (40 kDa) did not diffuse into the cavity (Error! Reference source not found.). Similarly, when 

FITC-labelled dextran was encapsulated in the inner cavity during capsule formation, the 

macromolecular cargo did not diffuse out of the capsules (Error! Reference source not found.). Thus, 

small molecules such as fluorescein permeated through the APCN capsule wall, while the APCN was 

impermeable to the macromolecular dextran. As 40 kDa dextran has a radius of 4.5 nm,89 the 

microcapsules should likewise retain similarly-sized colloids.  

 

 

Figure 5. Impermeability of APCN microcapsules for macromolecules. A-C) CLSM micrographs of 

Nile Red-stained APCN microcapsules with FITC-Dextran (40 kDa) outside the capsules after 30 min 

incubation. The depicted microcapsules were prepared with PtNPs in the inner phase. D-E) APCN 

microcapsules loaded with FITC-Dextran 40 kDa during microfluidic double emulsion capsule 
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preparation. A, D) FITC channel; B, E) Nile Red channel; C, F) Overlay (F: with transmission channel). 

Scale bars = 200 µm. The solid particles in A-C are either out-of-focus microcapsules or single emulsion 

microparticles that formed when one of the fluid phases was empty during microfluidic emulsification.  

 

The influence of dehydration-rehydration cycles on the permeability of the microcapsule shell was 

studied with encapsulated fluorescein as a model compound. NR-labelled empty capsules were 

incubated for 30 min in a fluorescein solution to load them with the fluorescent dye, then centrifuged, 

quickly washed, and resuspended in water. Encapsulated fluorescein was then allowed to diffuse out of 

the capsules for 10 min. The capsules were sedimented by mild centrifugation, the supernatant was 

collected, and its fluorescence was measured. To normalize the fluorescence of released fluorescein to 

the concentration of capsules in the sample, the microcapsules were resuspended in water and collected 

to measure their NR fluorescence (Figure 6, Entry: 0 Rehydration cycles; Figure S6). The same 

fluorescein uptake and release procedure was carried out with APCN microcapsules that had been dried 

and rehydrated for one or more cycles (Figure 6Error! Reference source not found.). The 

experimental results show that dried and rehydrated microcapsules released more fluorescein than the 

never dried ones. However, the release did not increase with increasing number of drying-rehydration 

cycles. As it can be assumed that the amount of fluorescein released after a fixed amount of time is 

proportional to the permeability of the shell, the results suggest that the permeability increased once 

upon drying and rehydration and remained constant in the subsequent cycles. Two possibilities could 

account for these results. Either the first drying induced small defects in the capsule shell that do not 

enlarge or increase in number in further drying events. However, such defects are not observed in the 

SEM images of the capsules, and it is also unlikely that additional drying steps would not damage the 

shell further. Alternatively, the arrangement of the hydrophilic PHEA and the hydrophobic PDMS 

domains in the APCN might change upon the first drying and rehydration step, for example by 

increasing the co-continuity of the two polymer phases in the APCN, thereby making it easier for the 

water-dissolved fluorescein to diffuse through the water-swollen microcapsule shell.  
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Figure 6. Release of fluorescein from APCN microcapsules over several dehydration-rehydration 

cycles. The capsules were stained with Nile Red, and the fluorescence of fluorescein in the 

surrounding liquid was normalized over Nile Red fluorescence which is directly proportional to the 

concentration of capsules. Data shown as mean of n = 3 measurements ± S.D. 

 

One possible application of APCN microcapsules is as microcompartments for chemical reactions.90 To 

explore this potential application, the capsules were loaded with platinum nanoparticles (PtNPs) that 

are catalysts, for example, for the decomposition of hydrogen peroxide into oxygen and water.91 PtNPs 

were added to the inner aqueous phase during capsule formation by microfluidic double emulsification. 

The catalytic activity of the PtNP-containing APCN microcapsules was measured indirectly by a 

competition assay with myoglobin (Mb) that acts as a peroxidase92, 93 and that was added to the outside 

of the capsules (Figure 7A). Mb uses hydrogen peroxide to oxidize Amplex Red (AR) to the fluorescent 

resorufin. The presence of Mb in the suspension of NP-loaded capsules meant that H2O2 would be either 

used to oxidize AR or decomposed by the PtNPs without production of fluorescence.94, 95 The NP-

loaded capsules partially quenched the activity of myoglobin (Figure 7B), indicating that the PtNPs 

decomposed hydrogen peroxide. Interestingly, this happened even though the enzyme had easier access 

to the substrates because hydrogen peroxide did not have to cross a polymer shell before reaching the 

enzyme.96 In the absence of Mb, the catalyst-loaded capsules were even able to counteract the non-

catalyzed oxidation of AR with H2O2.89 Overall, it can be concluded that H2O2 can diffuse through the 
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shell of the microcapsules and that the PtNPs inside of the APCN microcapsules are catalytically active 

in decomposing H2O2. This demonstrates that the capsules act as microreactors for the nanoparticles. 

 

Figure 7. PtNP-loaded APCN microcapsules as microreactors for the catalytic decomposition of H2O2. 

A) Schematic depiction of the activity assay. To assess the H2O2-degradation, a competitive 

fluorometric assay was carried out in which myoglobin catalyzes the conversion of Amplex Red into 

resorufin under the consumption of H2O2. B) Results of the H2O2 decomposition assay. Microcapsules 

loaded with PtNPs (MC-Pt) and Microcapsules without PtNPs (empty MC) in the presence and absence 

of Mb on the outside of the capsules, as well as several control reactions. The AR-less condition acts as 

negative control and shows the background fluorescence of the assay. Values as mean ± SD, n = 3. 

*: p<0.05, ***: p<0.001, ****: p<0.0001.  

 

 

While some molecules like fluorescein and hydrogen peroxide diffuse through the microcapsule shell 

and others, such as the lipophilic dye Nile Red homogeneously distribute throughout the whole 

thickness of the APCN wall, the outside of the shell might be selectively functionalized with a 

hydrophobic moiety attached to a hydrophilic macromolecule. The hydrophobic moiety should act as 

an anchor that enters into the hydrophobic domains on the surface of the APCN, while the hydrophilic 

macromolecule hinders deep penetration into the APCN due to its bulkiness. To illustrate such a 

functionalization strategy, APCN microcapsules were incubated in a Cy5-PEG3500-cholesterol (CyPC) 

solution. This molecule contains a hydrophobic cholesterol anchor that is usually used for insertion into 

lipid and block copolymer membranes. The PEG is hydrophilic and acts as a spacer to ensure water 

solubility, and the Cy5 is a fluorescent moiety. 
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After incubation of APCN microcapsules in a solution of CyPC and subsequent purification of the 

capsules, the microcapsules remained fluorescent. This indicates that CyPC was retained after 

centrifugation, washing in water, and resuspension of the capsules in water (Figure 8A). CLSM 

micrographs show that the fluorescence was localized on the outside of the APCN shell (Figure 8B). 

Thus, CyPC did not diffuse through the whole membrane but selectively stained a thin outer layer of 

the capsule wall. The selective modification of the capsule surface with PEG-cholesterol should also 

allow the outer surface of the capsules to be decorated with other useful moieties, for example, 

functional groups for click chemistry to attach biomolecules.97-99  

 

 

Figure 8. Surface functionalization of APCN microcapsules with Cy5-PEG3500-cholesterol. A) Graph 

showing the fluorescence emission (660-690 nm) of the capsules in the absence of Cy5-PEG-

cholesterol, capsules in solution with Cy5-PEG3500-cholesterol, and capsules purified from this solution 

by centrifugation, washing, and resuspension in water. Values shown as mean ± SD, n = 3. B-D) CLSM 

image of APCN capsules functionalized with Cy5-PEG3500-cholesterol: B) Cy5 channel, C) 

transmission channel, D) overlay. The depicted microcapsules were prepared with PtNPs in the inner 

phase. Scale bars = 200 µm.  

 

 

Conclusions 

Mechanically robust microcapsules with water-swellable and semi-permeable shells can be prepared by 

microfluidic double emulsification using PHEA-l-PDMS APCNs as wall materials. By polymerizing a 

hydrophobically masked monomer with a PDMS-based macromolecular crosslinker, it became possible 

to create silicon hydrogels that are templated by the oil phase of the double emulsion, and therefore 

form the shell of the microcapsules. These APCNs greatly expand the material scope of double emulsion 
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microcapsules. For example, the APCN microcapsules can be dried and rehydrated multiple times 

without damage. They are semipermeable for water and small water-soluble compounds while retaining 

macromolecules in their inside. Moreover, they can host catalytically active nanoparticles and thereby 

serve as microreactors or be selectively modified with a suitable linker on their surface. Thus, APCN 

microcapsules should be useful for a variety of applications that involve encapsulation and controlled 

release of active compounds such as drugs or fragrances. Alternatively, they could be used as 

catalytically active building blocks for molecular systems engineering or as compartments for the 

preparation of artificial cells. Furthermore, APCNs are transparent, so that the capsules could also be 

used as adaptable optical materials such as microlenses.  

Materials  

α,ω-methacryloxypropyl-terminated poly(dimethylsiloxane) (MA-PDMS-MA, viscosity 50-90 cSt, 

molecular weight = 4500 – 5500 g mol-1) was purchased from ABCR (Germany). 2-Hydroxyethyl 

acrylate, triethylamine, chlorotrimethylsilane, photoinitiator bis(2,4,6-trimethylbenzoyl)-

phenylphosphineoxide (Irgacure 819), poly(vinyl alcohol) (PVA; Mw 31000 – 50000, 87 – 89 % 

hydrolyzed), dibenzocyclooctyne-Cy5 (Cy5-DBCO), 10-acetyl-3,7-dihydroxyphenoxazine (Amplex 

Red), Nile Red,  35% H2O2, FITC-Dextran (40 kDa), sodium fluorescein, myoglobin from equine heart 

and all inorganic salts for PBS and analytical grade solvents were purchased from Sigma-Aldrich. 

NanoXact Platinum Nanoparticles – Bare (Citrate) (5 nm, 0.05 mg mL-1 in aqueous 2 mM sodium 

citrate) (TEM Figure S7) were bought from Biozol, Germany. Cholesterol- PEG3500-azide was 

purchased from Broadpharmc (USA). All reagents were used as received unless otherwise stated. 

 

Methods 

Differential scanning calorimetry:  Prior to analysis by DSC, all samples were dried overnight under 

vacuum at 50 °C. Approximately, 10 mg of material was weighed into an aluminium DSC pan and 

sealed non-hermetically with an aluminium lid. The sample pan was then loaded into a Mettler Toledo 

DSC1. The sample and reference were heated from -150 to 150 °C at a scan rate of 10 °C min-1 and the 
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resulting heat flow response was monitored. The sample was re-cooled to -150 °C and then reheated 

again to 150 °C, all at 10 °C min-1. Nitrogen was used as the purge gas, at a flow rate of 150 mL min-1. 

The glass transition temperatures were determined from the transition mid-points of the second heating 

curve. 

Attenuated total reflection – Fourier transform infrared spectroscopy: Prior to analysis by DSC, all 

samples were dried overnight under vacuum at 50 °C. The measurements were performed in a Bruker 

Alpha II FTIR in absorbance mode.  

Thermogravimetric analysis: Prior to analysis by TGA, all samples were dried overnight under vacuum 

at 50 °C. Approximately, 10 mg of material was added into a pre-tared open aluminum pan and loaded 

into a Mettler Toledo TGA2. The sample was then heated at a rate of 10 °C min-1 from 25 °C to 350 °C 

during which time the change in sample weight was recorded. Nitrogen was used as the sample purge 

gas, at a flow rate of 150 mL min-1. 

Light microscopy: Microcapsules were imaged in transmission using a LEICA light microscope using 

LAS AF software, with magnifications of x5, x10, and x20. The samples were placed on glass slides 

for imaging.  

Confocal laser scanning microscopy: Confocal laser scanning microscopy was carried out using a Leica 

TSC SP8 confocal microscope equipped with an HC PL FLUOTAR 10x/0.30 DRY objective. For Nile 

Red labeling, 500 µL of capsules were mixed with 10 µL of a 1 mM solution of Nile Red in water 

without further purification. Afterward, 20 µL of MC suspension were placed in an 8-well chamber 

slide (Nunc ® Lab-Tek) with 200 µL of distilled water. When required, 10 µL of either fluorescein (2 

mM) or FITC-Dextran 40 kDa (10 mg ml-1) were added to the chamber slide.  Imaging of the samples 

was performed by exciting each pixel line of the confocal scan sequentially (Fluorescein, FITC: ex. 

488 nm, em. 505–525 nm; Nile Red: ex. 561 nm, em. 570–590 nm; Cy5: ex.635 nm, em. 660–690 nm). 

Time runs were acquired at 3 frames per minutes, 580 seconds.  

Scanning electron microscopy: Before SEM imaging, the samples were sputtered with a 6 nm layer of 

Pt using a CCU-010 (Compact Coating Unit), Safematic GmbH, CH . Scanning electron microscopy 
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was carried out on a Leo 1530, Zeiss GmbH, Germany, using the secondary electron detector (SE 

detector) at an acceleration voltage of 3 kV.  

Monomer preparation  

Synthesis of TMS-HEA: The TMS-HEA was prepared according to a previously reported procedure.61 

Microcapsule preparation 

The microcapsules were prepared using a microfluidic three-way Lego-inspired device80 connected to 

two individually controlled syringe pumps (Pump 33 DDS, Harvard Apparatus), one used for two 

syringes. Borosilicate round capillary tubes without filament were obtained from Sutter Instrument. 

Capillaries with an outer diameter of 2.00 mm and an inner diameter of 1.56 mm were used as outer 

capillaries. Tapered end inner capillaries were prepared by a micropipette puller from capillaries with 

an outer diameter of 1.00 mm and an inner diameter of 0.58 mm. The tapered end was grazed against 

abrasive paper to adjust the opening to the desired diameter, which was measured by optical light 

microscopy. The size of the capillaries were optimized. The inner capillary needed to have a diameter 

of 30-45 µm, with the collection capillary having a diameter 100-150 µm of the inner capillary. The 

emitters were hydrophobized with a solution of 5wt % ODTMS, 0.5 wt %, n-butyl amine, and toluene 

they were exposed for four hours then rinsed and dried.100 

Experiments were carried out at room temperature in air, i.e., without any measures to keep oxygen out 

of the system. The outer phase contained 2 wt% of PVA in MilliQ water. To this end, a stock solution 

of PVA was prepared by placing 10 wt% of PVA in MilliQ water at 80 °C overnight and further diluting 

with MilliQ water to 2 wt%. The middle phase contained the mixture of monomers to obtain PDMS-l-

PHEA APCNs. 6150 mg (32.7 mmol) TMS-HEA were mixed with 3740 mg (0.374 mmol) MA-PDMS-

MA, 660 µL of toluene, and 55 mg (1.31 mmol) photoinitiator. The inner phase contained either MilliQ 

water, 10 mg mL-1 FITC-Dextran 40 kDa in MilliQ water, or 1 wt% PtNP in MilliQ water. The outer 

phase had a speed of 50 – 80 mL h-1, the middle phase 4 – 6 mL h-1, and the inner phase 2.5 – 3 mL h-

1. The polymerization happened through the irradiation of the outflow before collecting them in a glass 

vial. The polymerization was done from the top, using a UV-lab lamp with no filter, which was kept in 
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a closed box while the capsules were collected in a glass vial, the irradiation was performed during 5 

min during the collection. The capsules were collected in a glass vial, transferred into a 15 ml 

centrifugation flask, centrifuged at 4000 rpm (Centrifuge Z 306, Hermle Labortechnik GmbH), and 

resuspended in water. This process was repeated three times to remove PVA. Then, the capsules were 

left in a 1:1 isopropanol-water mixture, which was exchanged two times to cleave off the TMS groups 

from the polymer network and to remove toluene, yielding PHEA-l-PDMS APCNs with a 50:50 wt% 

composition of PHEA and PDMS, in analogy to the synthesis of PHEA-l-PDMS APCN films in our 

previous publications.24, 61, 70 Some APCN capsules were further stained with Nile Red. To this end, 20 

µL of the capsule suspension was added to 1 µL of 1 mM Nile Red in a vial and mixed it in a vortex 

mixer for 90 s.  

Microcapsules dehydration/rehydration process 

100 µL of the capsule suspension was placed on a glass slide in a vacuum oven for 30 min at 60 °C, 

100 mbar. After removing the slide from the oven, the microcapsules were imaged as described in the 

main text. To rehydrate them, 100 µl MilliQ water was added to the capsules on the microscopy slide. 

The capsules were left at room temperature for 20 min before further characterization. The drying-

rehydration cycle was repeated up to four times.   

Microcapsule shrinkage in NaCl solution 

The capsule shrinkage in brine was measured by adding 100 µL capsule suspension, the supernatant 

was removed, into 10 mL saturated NaCl solution in microscope slide wells and leaving the capsules 

submerged at room temperature until they stabilized (around 20 min). The capsules were imaged during 

this process by transmission light microscopy.  

Fluorescein release 

Non-dehydrated capsules 

20 µL of the NR-labelled microcapsule suspension were centrifuged (1 minute, 2000 x g) and 

resuspended in in a 1.5 mL Eppendorf centrifugation tube containing 1 mL of a 2 mM fluorescein 
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solution in MilliQ water and incubated for 30 min at room temperature. During this time, fluorescein 

diffuses into the capsules so that they become loaded with the fluorescent dye. Afterwards, the 

microcapsules were centrifuged (2000 x g). The supernatant was removed from the pellet, which was 

quickly (<10 seconds) washed to remove leftover unencapsulated fluorescein and then resuspended in 

700 µL MilliQ water, incubating for 10 min to allow the diffusion of fluorescein to the outside. They 

were centrifuged again and their supernatant was quickly transferred into a 96-well plate (triplicate 

wells per each sample, 200 µL).  Finally, the batches of pelleted capsules were resuspended in 700 µL 

water each and the fluorescence of Nile Red was measured (triplicate wells per each sample, 200 µL). 

A measurement of the ratio of fluorescein (ex. 495 nm, em. 505 – 525 nm) / Nile Red (ex. 561 nm, em. 

570 – 590 nm) fluorescence (normalization of fluorescein signal against number of capsules, using the 

same pelleted capsules with their respective supernatant) was performed after 10 min on a Tecan Spark 

microplate reader. A scheme of the protocol is shown in Figure S6. 

Dehydrated capsules 

1 mL of the NR-labelled microcapsule suspension was placed on a microscopy slide, and the capsules 

were dried at 60 °C, 100 mbar for 30 min in the vacuum oven. The dehydrated NR-labelled capsules 

were then rinsed from the microscopy slide into 1 mL MilliQ water, left to rehydrate (see above), then 

20 µL were centrifuged again and resuspended in 1 mL of a 2 mM fluorescein solution in MilliQ water 

and incubated for 30 min at room temperature. The measurement proceeded in the same way as the 

non-dried capsules. The aliquot that was not incubated with fluorescein was dried and rehydrated again, 

up to 3 cycles. 

Catalytic activity  

For each analysis, 10 µl of capsule suspension was added to wells in a 96-well plate. 5 µl of a 10 mg 

mL-1 Mb solution in PBS, 5 µL of a 0.3% H2O2 solution in water, 10 µL of a 100 µM Amplex Red 

solution in PBS (or equivalent PBS volumes) were added to each well, and the total volume was filled 

to 200 µL with PBS buffer. The different mixtures were incubated for 15 min at room temperature. The 

fluorescence emission measurements were performed using a Tecan Spark microplate reader (three 

wells per sample, excitation: 570 nm, emission 570 – 590 nm).  
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Modification of the capsule surface with Cy5-PEG-cholesterol 

10 mg cholesterol-PEG3500-azide was incubated with 12.11 mg Cy5-DBCO (final molar ratio 1:5) in 1 

ml PBS for one hour, then dialyzed overnight against 1 L PBS with a dialysis tube (regenerated 

cellulose, 1000 MWCO; Spectrapor, Spectrum), obtaining Cy5-PEG-cholesterol (CyPG). 10 µl of the 

CyPG solution were added to 50 µl of microcapsule suspension. Fluorescence measurements (ex. 

645 nm, em. 660 – 690 nm) were performed immediately after adding the CyPG and after the capsules 

had been isolated by centrifugation (2000 x g) and resuspension in water, on a Tecan Spark microplate 

reader. The experiment was run in triplicates. Additionally, the capsules were imaged by CLSM to 

image the fluorophore distribution in the capsule wall.  
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