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Chapter 6 

 

 

 

 

 

 

Colloidosomes as Implantable Beads for the in 

vivo Delivery of Hydrophobic Drugs 

 

Abstract. In this study we describe the synthesis of silica based colloidosomes with a polymer core obtained 

via inverse Pickering emulsification and their use as an implantable drug delivery system in zebrafish. Silica 

nanoparticles act as a stabilizer of a water-in-oil emulsion creating aqueous droplets with a silica shell. The 

core of the colloidosomes was polymerized to prepare tough particles. The colloidosomes were loaded with 

model drugs and the release characteristics were investigated and showed to be dependent on the porosity of 

the silica nanoparticles. Studying the effect of drugs on zebrafish development and tail regeneration is a new 

and emerging tool in biomedical research. To study the in vivo delivery and bioactivity of a model drug, 

colloidosomes loaded with retinoic acid were implanted subcutaneously in partially amputated caudal fins and 

the biological effect of released retinoic acid on the fin regeneration was studied at the phenotype and 

genotype level. The biocompatibility of the colloidosomes was demonstrated as no signs of inflammation were 

observed. With these initial studies we demonstrate that colloidosomes can be used as a single implanted 

bead to locally release drugs in vivo. It is envisioned that these single particles can be applied for a broad 

range of hydrophobic drugs. 
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6.1 Introduction 

Solid particles can strongly interact and undergo self-assembly onto the liquid/liquid or 

liquid/gas interface allowing the formation of Pickering emulsions.
1
 During the last 

decades this type of emulsification attracted extensive attention due to their strong stability 

compared with their surfactant-stabilized analogues.
2
 The emulsion droplets serve as a 

template for the assembly process of solid nanoparticles, leading to numerous potential 

applications.
3-5

 The particle assembly at the water-oil interface can be stabilized using 

different strategies including electrostatic binding with polyelectrolytes,
5
 van der Waals 

forces,
6
 sintering,

7
 gelation,

8, 9
 chemical cross-linking

10, 11
 and inter-particles 

polymerization.
10

 Due to the structural analogy of these microcapsules with liposomes, 

they are often called colloidosomes.
6
 These assemblies were intensively studied by Velev 

and collaborators
5
, and the driving force of the colloidosomes formation is the decrease of 

energy at the liquid/liquid interface. Several properties can be tuned by design including 

wall thickness, porosity and chemical composition.
2
 Because colloidosomes are surfactant-

free assemblies, any toxicity issues related to surfactant molecules is absent.
12

 Therefore 

these particles are attractive for many potential applications such as food technology and 

the delivery of poor water soluble compounds. 

Colloidosomes were studied as a potential drug delivery system, but so far only in vitro 

studies have been investigated. Prestidge studied the release profiles of dibutylphtalate, a 

lipophilic model compound, from colloidosomes stabilized by Aerosil
TM

.
13

 A 

polydimethylsiloxane-in-water emulsion stabilized with silica nanoparticles was used and 

the drug release profile was investigated and showed to be dependent on the colloidosome 

shell composition. Zhang and coworkers
14

 studied the synthesis of empty core 

microcapsules with a hybrid shell composed of two layers: non-porous silica nanoparticles 

and a polymer layer. It was shown that the release kinetics of a methylene blue chosen as 

model drug was influenced by the wall thickness of the microcapsule. Destribats et al.
15

 

designed colloidosomes stabilized by Aerosil
TM

 nanoparticles with a wax core. Upon 

heating the core expands thereby cracking the outer shell, leading to the release of the 

liquified core. Although Pickering stabilized emulsions were extensively studied and 

several investigations on drug release were described, actual in vivo studies of these 

microcapsules are still a pristine area of research. 

The versatile nature of colloidosomes synthesis makes these microparticles a good 

candidate to design a potential drug delivery system. Depending on the viscosity of the 
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phases used for the emulsion, and the size and shape of the nanoparticles, it is possible to 

prepare colloidosomes with a sized diameter ranging from few hundred nanometers to the 

submillimeter length scale. In this chapter we used 100 μm colloidosomes, stabilized with 

silica nanoparticles (200 nm) and with a polyacrylamide core. The obtained microcapsules 

are tough materials and can be manipulated with a tweezer. Thus single colloidosomes 

were used as a local implant for the in vivo delivery of a drug in specific area in the tail of 

the zebrafish as a model system of rheumatoid arthritis (RA).  

RA is an immune-mediated inflammatory disease and it is characterized by a chronic 

inflammation of the joint tissue resulting in a degeneration of joint structures. 
16,17

 

Although the causes of RA are still unknown, it has been established that all-trans retinoic 

acid (ATRA) plays a pivotal role in the reduction of the inflammation.
18

 Several 

experiments with collagen-induced arthritis (CIA) rodents showed that retinoids 

significantly decrease the course of the symptoms in RA. Moreover, Kirchmeyer and 

collaborators
16

 have found that ATRA inhibits the inflammatory process in the joint tissue 

of CIA rats. Nozaki et al.
19

 confirmed that ATRA reduces the amount of inflammatory 

signals in murine CIA, suggesting that this molecule might also be effective for the 

treatment of inflammatory arthritis as human RA. ATRA is a versatile compound which 

may be used for the treatment of several diseases including different type of cancers.
20, 21

 

However the concentration in the living organisms must be in a precise range.
22

 Side 

effects generated by ATRA are common and severe and include liver toxicity, renal failure 

and it has a teratogen effect in embryos.
22

 Studying the pharmacological effects of new 

drugs have traditionally been performed in mammals. However since the nineties the 

zebrafish (Danio rerio) is becoming an important and versatile tool for drug screening and 

discovery studies.
23, 24

 Zebrafish embryos are widely used for genetic investigations as the 

75% of the Danio rerio genome is in common with the human genome. Furthermore their 

external development and their optical transparency allow the detection of any 

morphological deformations as a consequence of the effects of an admitted drugs.
25

 This 

animal model is also exploited in its adult stage due its ability of caudal fin regeneration 

after surgical amputation.
26

 During the development of new part of the fins there are 

several cellular signals involved in the process very similar to some of those that affect 

bone and cartilage differentiation in mammals and humans.
27

 Géraudie and collaborators
28

 

have shown that ATRA delays the caudal fin regeneration proving that adult zebrafish is a 

suitable model for skeletal diseases in humans.
27
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However, the hydrophobic nature of ATRA makes the delivery of this compound 

challenging. Administered ATRA must be effective in restricted area of the joint and the 

blood circulation must be minimized to lower side effects. Therefore the design of a local 

release delivery system compatible with zebrafish assays is needed. In this study, we 

investigated single colloidosomes as a new tool for the local ATRA delivery in partially 

amputated adult zebrafish caudal fins and the effect on the regeneration was studied.  

6.2 Results and discussion 

6.2.1 Colloidosomes synthesis and characterization 

Colloidosomes were synthesized following the general scheme outlined in Figure 1. In 

our approach the water-in-oil emulsion is stabilized by silica nanoparticles and the core is 

composed of cross-linked hydrogel.  

 

Figure 1. Schematic illustration of the silica stabilized colloidosomes with polymeric core. (A and 

B) Silica nanoparticles are dispersed in the oil phase. The suspension is mixed with the water 
phase containing the monomers resulting in a stable emulsion. (C) The Pickering colloidosomes 
are further stabilized by polymerization of the particle core. (D) The microcapsules were 
subsequently implanted in the amputated portion of adult zebrafish caudal fin. 

 

In this chapter three types of silica nanoparticles (SNPs) were used mesoporous silica 

nanoparticles (MSNs), co-condensed functionalized mesoporous silica nanoparticles and 

non-porous silica nanoparticles. Mesoporous silica nanoparticles (MSNs) were synthesized 

via the sol-gel technique using hexadecyltrimethylammonium bromide (CTAB) as a 

template and tetraethylethoxysilane (TEOS) as organic precursor. The resulting 
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nanoparticles were composed of parallel channels throughout the particles as confirmed by 

transmission electron microscopy (as hown in Chapter 2, Figure 2B). A uniformity in size 

and shape of the synthesized particles with a diameter of approximately 200 nm was 

observed with scanning electron microscopy (SEM) as shown in Figure 2A. The used 

surfactant CTAB is known to be toxic and therefore the removal of this compound from 

the nanoparticles is critical for in vivo drug delivery studies. 
29

 The nanoparticles were 

refluxed overnight in acidic methanol and the removal of the surfactant was confirmed by 

Fourier transformed infra-red spectroscopy (FT-IR) analysis (as shown in Chapter 2, 

Figure 1). 

Next, co-condensed MSNs were synthesized accordingly to a procedure of Trewyn and 

collaborators.
30

 In this method the synthesis occurs in the presence of CTAB as a template 

using a mixture of TEOS and 3-mercaptopropyltriethoxysilane. This results in the 

introduction of functional groups on the surface and in the channels of the mesoporous 

nanoparticles.  SEM analysis revealed that the resulting particles were homogenous in size 

with an average diameter of 200 nm (Figure 2C).  Afterwards the template was removed 

and the thiol groups were converted with 2,2’-dithiopyrydine to disulfide-2-dithiopyrydine 

groups. 

Non-porous silica nanoparticles were synthesized using the Stöber method.
31

 The 

particles were homogenous in size and shape as confirmed by scanning electron 

microscopy with an average diameter of approximately 190 nm (Figure 2B). The absence 

of a template during the synthesis leads to the formation of spherical non-porous 

nanoparticles. 

 

Figure 2. Scanning electron microscopy (SEM) images of the silica nanoparticles. Silica 
nanoparticles synthesized with the template technique (A), using the co-condensed method (B) and 
the Ströber method (C). All the nanoparticles are spherical and size uniformity was observed. 

Subsequently the three different types of silica particles were used to stabilize the formed 

Pickering emulsion. Emulsions were prepared by dispersing the nanoparticles in sunflower 

oil and mixing this with an aqueous solution containing N-isopropylacrylamide and N,’N-
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methylenediacrylamide under ultrasonic emulsification conditions. This resulted in 

stabilized droplets with an average of 100 μm. To investigate the release kinetics of small 

molecules from the colloidosomes the aqueous phase also contained in some cases 

rhodamine B. An aqueous solution of N,N,N’N’,-tetramethylenediamine and ammonium 

persulfate were added to initiate the polymerization of the aqueous core. The 

microparticles were stirred for 30 minutes at room temperature and the colloidosomes were 

separated from the oil phase by centrifugation. Next, the microcapsules were rinsed with 

ethanol to remove excess of oil and stored at room temperature until further use. The 

colloidosomes were imaged with optical microscopy before polymerization in order to 

observe the shell structure composed of the silica nanoparticle (Figure 3A). After 

polymerization of the acryl monomer  (Figure 3B1 and 3B2) the microcapsules appear 

opaque and the nanoparticles shell was no longer visible. The emulsion contained 

stabilized droplets with an average diameter raging from 80 μm to 100 µm, which did not 

change upon polymerization. As shown in Figure 3B3 the colloidosomes have 

homogenous size and shape. 

 

Figure 3. Bright field image of mesoporous silica nanoparticles stabilized collodoisomes.(A) An 
external shell of silica nanoparticles is observed enveloping the microdroplet of water in the 
dispersing oil phase. Before the core polymerization is possible to observe the nanoparticles 
structure. (B1 and B2) However, when the core polymerization is completed the microparticles are 
white and opaque as shown in the bottom right image. (B3) The stabilized colloidosomes show 
homogenous size and spherical shape. Scale bar 50 μm.  

Scanning electron microscope (SEM) analysis of colloidosomes revealed that the 

microcapsules showed a narrow size distribution as confirmed by bright field microscopy 

and they had a spherical shape (Figure 4). In some cases the spherical shape of the 

polymerized colloidosomes was preserved under the high vacuum conditions of the 

electron microscope showing the toughness of the particles. This is an important parameter 
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for the in vivo experiments since single microcapsules were implanted using Dumont
®
 

tweezers in the caudal fin.  

 

Figure 4. Scanning electron microscopy image of silica stabilized colloidosomes. Silica 
nanoparticles are observed forming a homogenous shell around the polymeric core. The 
microparticles have a spherical shape and maintain their original shape due to of the polymerized 
core. 

6.2.2 Release kinetics study 

The release kinetics of small molecules was investigated with UV-VIS spectroscopy 

using rhodamine B as a model compound. In order to evaluate whether the mesoporosity of 

the silica nanoparticles affects the kinetics, the release of rhodamine B from colloidosomes 

which were prepared with either mesoporous or non-porous silica nanoparticles was 

studied (Figure 5). 

A significant difference in release kinetics was observed depending on the type of silica 

used. Colloidosomes with a shell composed of mesoporous nanoparticles released 50% of 

the fluorescent dye in approximately 1 hour. In contrast, the same amount of dye was only 

released in approximately 3 hours when the colloidosomes were stabilized with non-porous 

silica nanoparticles. This shows that the porosity of the external shell has a strong 

influence on the release profile indicating that the dye also diffuses through the 

mesoporous silica particles. Both the porous and non-porous nanoparticles used for the 

preparation of the colloidosomes have a similar average diameter and shape. Thus, the rate 

of dye release is influenced solely by the internal nanoparticle structure and not by the 

inter-particle spaces between the SNPs, which are equivalent in all the colloidosomes 

studied.  
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Figure 5. Release of fluorescent rhodamine B from 100 mg of silica-nanoparticle stabilized 

colloidosomes. Observed release for mesoporous silica nanoparticles stabilized colloidosomes (□) 

and non-porous silica nanoparticles colloidosomes (○). The shell composition influences the 

rhodamine B release rate. 

The mesoporosity of the external silica nanoparticle layer is important as the internal 

channels can be functionalized independently
32

 thereby controlling the release properties of 

the colloidosomes. Thus, this opens up the possibility to covalently bind a drug on the 

outer MSNs layer while in the colloidosome core a different compound is encapsulated. 

Alternatively functionalized pores can be used to block the pores by steric hindrance 

resulting in a delayed release of the content from the core. This modified layer of MSNs 

acts in a similar way to non-porous stabilized colloidosomes.  

Co-condensed mesoporous nanoparticles presenting free thiol groups on the surface of 

the pores were synthesized and modified with 2,2’-dithiopyridine moieties whose release 

can be detected via UV-VIS spectroscopy. Addition of dithiothreitol (DTT) resulted in the 

reduction of the disulfide bond and the release of 2-thiopyridine. The release of rhodamine 

B from the colloidosome core was also measured at the same time. A burst the release of 2-

thiopyridine was observed while the rhodamine B is retained in the core showing a 

significant lag-time. When the thiopyridine is hydrolyzed completely from the mesopores 

of the silica shell the rhodamine B was released significantly in the supernatant. In future 

experiments, actual drugs bearing a thiol group, will be used. 

This experiment showed the importance of the external mosoporosity of the silica shell 

on the release properties of the colloidosomes. If the pores are blocked with thiopyridine 

groups, the release of rhodamine B from the core is similar to the release from non-porous 

silica stabilized colloidosomes (compare Figure 5 and 6). 
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Figure 6. Release of rhodamine B and pyridine-2-thione from 2-pyrdylthio-modified mesoporous 

silica nanoparticles after the addition of DTT. A burst release of the shell-encapsulated pyridine-2-
thione is observed, while the core-encapsulated rhodamine B shows a significant lag time as the 
release is hindered by the presence of unreduced 2-pyridylthio in the channels of the mesoporous 
silica nanoparticles. 

 

6.2.3 In vivo investigations of Pickering stabilized colloidosomes 

In order to study the potential in vivo application of these microcapsules we used them as 

a local delivery system in adult Danio rerio. Zebrafish caudal tail naturally regenerates 

when amputated. However, this process is delayed in the presence of all-trans retinoic acid 

(ATRA).
26

 To study the regeneration process we amputated the ventral portion of the 

caudal fin. First, the regeneration in absence of silica stabilized colloidosomes was 

investigated and the rate of regrowth of the caudal fin was comparable  with previous 

works.
26, 28

 Control colloidosomes were stained with methylene blue for visualization 

during the surgery. A single microcapsule was implanted in the ventral portion of the 

caudal fin with a sterile tungsten needle in an incision before the first fin bifurcation. Next, 

the remaining part of the fin was amputated as shown in Figure 7 and Figure 8.  

 

    Figure 7. Schematic representation of Zebrafish surgery for microcapsules implantation. 

Zebrafish were anesthetized using MS-222 and placed between two layers of wet paper. A wound 

was made with sterile tungsten needle and a microcapsule was implanted in the cut. Next, the 
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dashed area was removed with a sterile scalpel to avoid infections. The animal was then put in 

fresh water to recover. 

 
 

Figure 8. Bright field optical image of operated Zebrafish tail. The implanted microcapsule is 

highlighted with the white arrow and it was stained with methylene blue for  visualization.  

The newly forming tail was similar to the control experiment as no malformations were 

observed, (Figure 9A and C). Next, a single retinoic acid-loaded colloidosome was 

implanted in the caudal fin of adult zebrafish. For this study colloidosomes with a non-

porous silica nanoparticle shell were used due to their delayed release of a drug. Thus 

enough time was given to perform the surgery on the zebrafish and to implant a single 

microcapsule without premature release. The microcapsules used were loaded overnight 

with 10 mg/mL of ATRA, and they were washed with PBS before surgery.  

 

Figure 9. Bright field images of partially amputated adult zebrafish caudal tails. (A and C) Control 
samples bearing an implanted empty microcapsule and imaged after 2 and 9 days respectively. (B 
and D) Zebrafish caudal fins after implantation of an ATRA loaded microcapsule and imaged after 
2 and 9 days respectively. A delay in regeneration is observed when ATRA is released from the 
implanted microcapsule in the tail. In A and C is shown the expression of msxB gene (blue) at the 
edge of newly formed tissue, as shown by the black arrow. Differences in regenerated caudal tail 
are highlighted with black segments placed next to the tail. 
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One hundred male adult zebrafish were used in the experiment: fifty fish received a 

control microcapsule while in fifty zebrafish an ATRA-loaded colloidosome was 

implanted. Every 2 days 10 control zebrafish of both groups were euthanized and analyzed, 

this procedure was done up to 10 days. All control zebrafish were found healthy at all time 

intervals and the caudal fin showed regenerated tissues as reported in literature.
26

 The 

zebrafish implanted with ATRA-loaded colloidosomes were also found in healthy 

conditions, however a clear delay in tail regeneration was observed due to the released 

ATRA.  

Tail regeneration in zebrafish is activated by a number of specific genes. The msxB gene 

was selected to study the effect of ATRA on the regeneration of the caudal fin.
26

 The 

activation of this gene was investigated with a standard in situ hybridization technique. In 

Figure 9A and C, the regenerated portion of the control tail presents a strong and clear 

expression of the msxB gene at the edge of the new tissue visualized by the purple color at 

the edge of regenerated tail. In treated zebrafish (Fig. 9B and D) the regenerated part of the 

tail showed a lower expression of the msxB gene as a result of released ATRA from the 

implanted colloidosome.  

The length of the regenerated tissue was measured as a function of time and a difference 

in the rate of regeneration was observed (Fig. 10). When empty microcapsules were 

implanted the caudal fin regenerated completely to the natural pre-amputated length (white 

bars). However, a significant delay was observed in the presence of ATRA loaded 

implanted microcapsules. Thus, this result shows that ATRA is released from the 

colloidosome in its bioactive form and an evident interaction with the biological pathways 

of the regeneration process is observed.  

 

Figure 10. Caudal fin regeneration of amputated tails. The white bars refer to the control animals 

implanted with ATRA unloaded microcapsules. The gray bars indicate the regenerated tissue of 
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caudal fins after implantation of ATRA loaded microcapsules. The regenerated tissue was 
measured with Leica software of a stereo fluorescence microscope M16ZF. 

 

6.3 Conclusions 

This study is one of the first example in which Pickering stabilized colloidosomes are 

used as an in vivo drug delivery system in zebrafish. Colloidosomes formed from an 

inverse Pickering emulsion stabilized with silica nanoparticles and polymer core were 

synthesized. The release properties of small molecules showed to be depending on the 

silica nanoparticles used for the outer shell. A direct dependence between shell 

composition and drug delivery was observed. A potential application of co-condensed 

nanoparticles stabilized colloidosomes is the delivery of multiple drugs with different 

release rates. However further research is needed to study the potential of this double drug 

delivery system in which actual drugs will be studied. We tested our microcapsules with 

non-porous nanoparticles shell as an implant in vivo in adult Zebrafish for the local 

delivery of ATRA. This caused a delay in caudal fin regeneration as observed by the 

morphological and gene analysis. This study showed the biocompatibility of the 

colloidosomes as no malformations or inflammations were observed in treated fish. The 

heterogeneous structure of the colloidosomes opens up possibility to delivery hydrophilic 

compounds from the core while hydrophobic compounds may be delivered from the 

mesoporous silica nanoparticles shell. Moreover, the external shell controls the release 

profile of the cargo, and the role of a double container in with a different drug can be hold 

in the nanopores towards selective functionalization.  Due to the versatility of these 

microcapsules we envision that further studies are necessary to investigate potential 

application of these colloidosomes as drug delivery system in animal models.  

 

6.4 Experimental part 

Materials. Acetic anhydride, alkaline phosphatase (AP), alcian blue, ammonium persulfate, bovine serum 

albumin (BSA), 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS), 2,2’-

dithiopyrydine, ethylenediaminetetracetic acid (EDTA), ficol 400, formamid, heparin, 

hexadecyltrimethylammonium bromide (CTAB), yeast RNA, magnesium chloride (MgCl2), methyl salicylate, 

N-isopropylacrylamide, N,’N-methylenediacrylamide, N,N,N’N’,-tetramethylenediamine, paraformaldehyde 

(pFA), potassium chloride (KCl), all-trans retinoic acid (ATRA), 2-propanol, sodium chloride (NaCl), 

sodium hydrogen phosphate (Na2HPO4), sodium hydroxide, triethanolamine (TEA), tetraethyl orthosilicate 

(TEOS), trichloroacetic acid (TCA), tris(hydroxymethyl)aminomethane HCl (TRIS-HCl), Tween 20, 

hydrochloric acid (HCl) and retinoic acid (RA) were purchased from Sigma Aldrich and used as received. 
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Milli-Q water with a resistance of more than 18.2 MΩ/cm was provided by a Millipore Milli-Q filtering 

system with filtration through a 0.22 μm Millipak filter. 2-

[Methoxy(polyethyleneoxy)propyl]trimethoxysilane was purchased from ABCR GmbH & Co. KG, while all 

the reagents for in situ hybridization (ISH) have been purchased from Roche Diagnostics. Phosphate buffer 

saline (PBS) was composed of 2.74 M of NaCl, 54.0 mM of KCl, 210 mM of Na2HPO4*2H2O and 30.0 mM 

of KH2PO4 and this solution was diluted 20 times to reach the final concentration. The solution of PBS-

Tween (PBS-T) was composed of PBS containing 0.1 % of Tween 20. Zebrafish samples were analyzed after 

the surgery with a Leica MZ12 with DC500 camera equipped and a Zeiss Axioplan Imaging 2 with MRc5 

camera. UV-VIS absorbance spectra were measured with a PerkinElmer Lambda 25 UV-VIS spectrometer. 

Preparation of mesoporous silica nanoparticles. 2 g (5.48 mmol) of 

hexadecyltrimethylammonium bromide (CTAB) was dissolved in 960 mL of Milli-Q water with 7 mL of a 

solution 2N NaOH. The solution was heated at 80 °C for 30 min and 9 g (43.2 mmol) of TEOS was added. 

After 2 hours the suspension was filtered yielding a white solid powder (58% 5.22 g). The surfactant was 

removed from the particles by refluxing overnight in a mixture of methanol (310 mL) and fuming 

hydrochloric acid 12 N (31 mL) under an inert nitrogen atmosphere. After filtration a white powder with a 

yield of 60 % (5.13 g) was obtained. FT-IR analysis confirmed removal of the CTAB. 

Preparation of non-porous silica nanoparticles. 2 g of tetraethoxysilane and 2.5 mL of an aqueous 

ammonia aqueous solution (25%) were dissolved in absolute ethanol (50 mL). The mixture was stirred at 

room temperature for 24 hours, and a white powder (yield 62%) was recovered via filtration. 

Preparation of co-condensed mesoporous silica nanoparticles. 2 g of CTAB and 7 mL of a 

solution of NaOH 2N were added to 480 mL of MilliQ water and heated at 80 °C for 30 minutes. 

Subsequently a mixture of tetraethoxysilane (9 g, 43.2 mmol) and 3-mercaptopropyltriethoxysilane (100 mg, 

0.42 mmol) were added and stirred at 80 °C for 2 hours. Next the surfactant template was removed with 

acidic methanol extraction as mentioned before. Nanoparticles (100 mg) were suspended in 10 mL of 

dimethylformamide and 2,2’-dithiopyrydine (100 mg, 0.045 mmol) was added. The suspension was stirred 

overnight and the particles were recovered by filtration resulting in a pale yellow powder. 100 mg of 

modified nanoparticles were collected and the reaction was considered quantitative. 

Preparation of silica colloidosomes. 150 mg of silica nanoparticles previously synthesized were 

dispersed in 10 mL of sunflower oil and sonicated for 30 minutes in order to obtain a uniform suspension. In 

a separate container N,’N-methylenediacrylamide (70 mg, 0.45 mmol) and N-isopropylacrylamide (140 mg, 

1.23 mmol) were dissolved in 2 mL of Milli-Q water. This solution was added to the oil phase with vigorous 

stirring until an inverse Pickering emulsion was formed. The polymerization of the core N,N,N’N’,-

tetramethylenediamine (100 μL, 0.67 mmol) was initiated by the addition of ammonium persulfate (10 mg, 

0.05 mmol). The emulsion was continuously stirred for 30 minutes until the polymerization of the core was 

completed. The microparticles were collected by centrifugation and rinsed with ethanol (3x5 mL).  

Electron microscopy analysis. The shape and size of the particles was characterized with  scanning 

electron microscopy (SEM) using a NovaSem microscope. Samples were dispersed in 2-propanol, and 100 

μL of this suspension was placed on an aluminum stub and dried at 37 °C under vacuum for 30 minutes. The 

samples were coated twice with a layer of carbon and imaged using an acceleration voltage of 15 kV. 

Transmission electron microscopy (TEM) was conducted on a JEOL 1010 instrument with an accelerating 
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voltage of 60 kV. Samples for TEM were prepared by placing a drop of each MSNs solution on carbon-

coated copper grids. After approximately 10 minutes the droplet was removed from the edge of the grid with 

a tissue paper. 

Dye release test. 100 mg of microcapsules were suspended in phosphate buffer saline solution (PBS, 

pH=7.24) containing 1 mM of rodhamine B and stirred overnight at room temperature. The suspension was 

rinsed 3 times with PBS in order to remove excess of rhodamine B. The samples were resuspended in PBS 

buffer and the release of the dye was measured in the supernatant with UV/VIS spectroscopy (542.75 nm, ε= 

1.06*10
6
 M

-1
cm

-1
).  

Preparation of microcapsules for zebrafish implantation. The microcapsules (100 mg) were 

loaded overnight with a 10 mg/mL of ATRA in DMSO and before implantation washed with PBS (3x2 mL). 

Control microcapsules were stained overnight with a 10 mM solution of methylene blue and washed with 

phosphate buffer solution (PBS) before implantation. 

In vivo studies. One hundred male Danio rerio (zebrafish) were bought in a local animal shop of Leiden, 

The Netherlands. The zebrafish were divided in 10 groups with 10 animals each group and placed in 10 

separate tanks located in the aquarium facility of Leiden University. The temperature of the water was set at 

25 °C and the temperature of the room was 23 °C.  The animals were housed according to the European law 

(86/609/EC) and the Dutch government (Article 9). They were fed twice a day with commercially available 

dry fish food, and they had a dark/light cycle of 12 hours. Before surgery a solution containing 16 ppm of 

tricaine methane sulphonate (MS-222) was prepared in Milli-Q water and used directly to anesthetize the 

animals. A partial amputation of the caudal tail was operated and the bead was implanted between two fin 

rays as reported in the SI. The animals were placed in fresh water to recover and were monitored each hour 

for one day. For microscopy analysis the zebrafish were anesthetized. However, for further analysis the 

animals were then euthanized using a solution containing 90 ppm of MS-222. 

In situ Hybridization (ISH). For ISH analysis the msxB probe was used. The antisense RNA probes 

labelled with digoxigenin (DIG) were synthesized according to Bardine and collaborators.
33

 After 

rehydration the tails were treated with proteinase K (0.5 μg/mL in PBS-Tween) for 8 minutes at room 

temperature, followed by enzyme inactivation with a solution of TEA 0.1 M and acetic anhydride 0.5 µL/mL 

in PBS-T for 10 minutes. The sample were washed 3 times with PBS-T and fixated in pFA 4% in PBS. The 

basic solution used for prehybridization and hybridization contained 50% deionized formamide, saline citrate, 

Denhart’s, 1% of Tween-20, 0.1% of CHAPS (Sigma-Aldrich), 50 mg/mL of yeast tRNA (Sigma Aldrich) 

and EDTA. The Denhart’s solution was prepared according to the procedure published by Jansen and 

collaborators.
34

 The samples were prehybridized in this solution for 5 hours at 65 °C, followed by an 

overnight hybridization at the same temperature with the hybridization buffer containing the DIG labelled 

probe. Then the samples were washed with sodium chloride sodium citrate (SSC) buffer for six times and 

then with maleic acid sodium chloride buffer solutions with 10% of Tween-20 (MNT). Next, they were 

incubated for 1 hour with the blocking buffer followed by soaking for 4 hours with anti-DIG antibody (Roche 

Diagnostics) with a dilution of 1:2000, at room temperature. Several MNT washes were performed after and 

then the samples have been incubated with alkaline phosphatase (AP) buffer and stained with BM purple. 
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