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1.1 Mesoporous silica nanoparticle for protein delivery 

The interest in proteins as promising therapeutic agents has increased remarkably in 

almost every field of medicine, like cancer, inflammatory diseases, vaccines, and also in 

diagnostics.1, 2 3 Human insulin was the first recombinant biopharmaceutical approved by 

FDA in 1982 and ever since, more than 100 proteins have been approved for clinical use4 as 

proteins typically show a high specificity with less interference with normal biological 

processes.5, 6 However, proteins used as a therapeutic are usually characterized by their short 

plasma half-life, high elimination rate, limited ability to cross cell membranes, and poor 

bioavailability through intestinal administration.2, 7 Once proteins are present in blood, these 

biomacromolecules are prone to degradation and cannot be targeted to the desired site of 

action.7 In order to improve the therapeutic efficacy of proteins, various nanocarriers are 

developed to overcome these barriers. 

 
Figure 1.1 (a) Various types of nanocarriers used for intracellular protein delivery. (b) The 

three commonly used methods for preparing protein/nanocarrier composites.3 Figure taken 

from reference 3. 

 

Delivering therapeutic proteins into cells remains an important challenge8 and therefore 

nanocarriers enabling efficient protein delivery are in high demand.3, 5 Over the last decades, 
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various nanocarriers (Figure 1.1)3 such as lipid based assemblies,4, 9 and polymeric 

nanoparticles10, 11 and inorganic nanoparticles have been developed. Loading multiple cargos, 

for example short peptides and large proteins, within a particulate delivery systems can 

overcome drawbacks exhibited by conventional free proteins (e. g. rapid clearing),12 retaining 

pharmacological and enzymatic activity by protecting the cargo against harsh environments.7, 

13 Compared to carbon-based nanomaterials and assemblies, inorganic materials show the 

unique feature of high thermal/chemical stability and exhibit typically good biocompatibility 

with relatively low rates of degradation.14  

Since the M41S family of ordered Mesoporous silica nanoparticles (MSNs) was first 

reported in the early 1990s,15 the number of publications on MSNs have increased 

dramatically.2, 16 17-20 MSNs have attracted considerable attention for their application in 

biomedicine because of their fascinating properties.2, 17, 21, 22 The unique properties of MSNs 

include the large surface area and pore volume, tunable pore diameter and structure, good 

chemical and thermal stability and a large variety in chemistry for surface functionalization.16, 

17, 23-26 MSNs contain channels which are able to encapsulate and release therapeutic 

molecules, including low molecular weight drugs, small interfering RNA,27 and proteins.28 

Furthermore, MSNs are biocompatible and accepted as “general recognized as safe (GRAS)” 

by the U. S. Food and Drug Administration (FDA).18, 29 As a nanomedicine, they possess 

several requirements to be considered as an ideal biocompatible particle, i. e. they are safe to 

use,30 are efficiently internalized into cells by phagocytosis or the receptor-mediated 

endocytosis (Figure 1.2).22, 31-33 Most importantly, these MSNs can be loaded with drugs, and 

the drug release can be (externally) triggered and/or controlled.34 
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Figure 1.2 (a) Endocytotic pathway of MSNs in mammalian cells, taken from reference 22. 

TEM micrographs of PAMAM-MSN (black dots) endocytosed by (b) Chinese hamster ovarian 

(CHO), taken from reference 32 and (c) human cervical cancer (HeLa) cells, taken from 

reference 33. 

 

More recently, MSNs with an open-pore structure have emerged as a potential carrier for 

protein delivery. Due to their structure, MSNs protect proteins from premature degradation in 

body fluids, thereby increasing the efficiency of protein delivery in vivo, thus reducing renal 

filtration.3 Furthermore, the silanol-containing surface of MSNs can be easily 

functionalized,21, 35 enabling the adsorption of various proteins with different surface 

properties,36 or modification with targeting molecules such as folate to enhance cellular 

uptake.21, 37 Indeed, several reports have shown that MSNs can facilitate the transport of 
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protein into the cytosol via an endocytosis pathway and subsequent endosomal escape.2, 3, 20, 33, 

38, 39 

Numerous synthetic protocols for the preparation of MSNs have been developed.40-45 

Encapsulating large biomacromolecules (e.g. proteins) in MSNs is still challenging however, 

because the most commonly used type of MSN have a rather small mesopore diameter (< 3 

nm)44 preventing  the effective encapsulation of a broad range of proteins.46, 47 Therefore 

MSNs with a large pore size have been synthesized, however in most cases, these particles 

have a large particle size resulting in decreased cellular uptake efficiency.44, 48, 49 This is in 

line with previous studies showing that a particle size between 50 and 200 nm is preferred for 

endocytic uptake.33, 48, 50 Therefore, there is still a need for monodisperse MSNs with a 

particle size in the 50-200 nm range, controllable surface chemistry, and a large pore size (> 5 

nm) for applications in the field of drug delivery.46, 51-53 
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1.2 Design and synthesis large pore and small diameter of MSNs for protein delivery 

In general, MSNs are synthesized using a templating agent,2 typically a surfactant in 

aqueous solution which is either neutral or charged.20 The pH of aqueous solutions used in 

MSN synthesis controls the hydrolysis and condensation reaction (Figure 1.3).13, 54 The size, 

morphology, mesostructures of MSNs can be rationally designed by controlling the reaction 

parameters (e.g. surfactant concentration, pH, temperature, silica source).17, 18, 43 With the 

abundant availability of various types of surfactants,18 numerous synthetic protocols for the 

preparation of MSNs have been developed.43, 52  

 
Figure 1.3 Mechanism of (a) hydrolysis and (b) condensation reactions of alkoxysilanes and 

organylakoxysilanes, resulting in a molecular formula of Si(OR)4-n(OH)n.  

 

The two classical examples of MSNs are MCM-4155 (Mobil Composition of Matter no. 

41) and SBA-1515, 56 (Santa Barbara Amorphous no. 15) which use cetyltrimethylammonium 

bromide (CTAB) and amphiphilic block copolymers (Pluronics P123, PEO20PPO70PEO20) as 

a template respectively. MCM-41-type nanoparticles typically have a diameter ranging from 

20-500 nm while pore sizes ranges from 2-6 nm (Figure 1.4).39, 57-59 Therefore, these materials 

can be used for the encapsulation and release of low to medium molecular weight 

biomolecules like small proteins (e. g. cytochrome, Mw 12384 Da, geometric size 2.6 × 3.2 × 

3.3 nm).8, 58  
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Figure 1.4 TEM images of three spherical MSNs with different particle and pore diameter: a) 

particle size ca. 250 nm, pore diameter ca. 2.3 nm.57 B) particle size ca. 200 nm; pore 

diameter ca. 6.0 nm.58 C) particle size ca. 50 nm; pore ca. 2.7 nm.39 Figure taken from 

reference 39. 

 

Due to their size, large proteins are predominantly adsorbed onto the external surface of 

MSNs and do not make use of the protective environment inside MSNs, nor do they utilize 

the large internal surface area presented by these pores.16, 60-62 SBA-15 does have large pores 

(5-30 nm) but the average particle size of these materials is in the range of sub-micrometer to 

several micrometers rendering these particles less suited for biomedical applications (Figure 

1.5).56, 63  

Therefore several groups have developed methods to control the outer particle diameter 

and pore-size of MSNs in the nanometer range.8, 41, 42, 45, 50, 51, 64, 65 Based on geometric 

considerations, it is expected that MSNs with a large pore-size (> 5 nm) and small diameter (< 

200 nm) should facilitate the efficient loading and delivery of biomacromolecules with large 

molecular sizes.66 Covalent immobilization of protein into MSNs is one approach to retain 

their functional characteristics,47, 67-69 however, irreversible covalent attachment can result in a 

loss of activity compared to physical adsorption.70 To avoid complicated chemical reactions, 

encapsulation of proteins inside MSNs driven by electrostatic interactions (physisorption) will 

be discussed in this thesis.  
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Figure 1.5 (a) and (b) Scanning electron microscopy and (c-f) transmission electron 

microscopy images of hexagonal mesoporous silica SBA-15. SBA-15 can be synthesized over 

a range of reaction mixture compositions and conditions.56, 63 TEM images show well-ordered 

hexagonal arrays of mesopores. Figure taken from reference 56.  

 

In this section, a few examples of MSNs with a large pore size and a small particle 

diameter that previously were used for the intracellular delivery of functional proteins using 

MSNs are presented.  

MCM-41-type MSNs with larger pores (5.4 nm) could be obtained by using mesitylene 

(TMB) as a pore-expanding agent.58, 71 Lin and coworkers reported the successful intracellular 

delivery of the membrane-impermeable protein cytochrome c (molecular weight 12.4 kDa, 

isoelectric point 11.35) using these MSNs as the nanocarrier and it was shown that the 

released proteins were still functional and highly active in catalyzing the oxidation of 2,2’-

aznio-bis(3-ethylbenzthiazoline-6-sulfonate) (ABTS) by hydrogen peroxide.58  

Yu and coworkers reported a facile and oil-free approach to synthesize dendritic MSNs 

with a center-radial pore structure, tunable particle size (79-160 nm) and large pores (22 
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nm).64 These MSNs were synthesized in an aqueous phase using sodium trifluoroacetate as an 

additive to control the growth of MSNs. Antimicrobial lysozyme (molecular weight 14.3 kDa, 

isoelectric point 10-10.5) was chosen as cargo to study the delivery efficiency of these 

MSNs.64, 72 It was found that MSNs with a large pore size and small particle size (MSNs-3) 

show significantly better antibacterial activity as compared to the particles with small pore 

sizes (MSNs-1 and MSNs-2, Figure 1. 6).64 

 
Figure 1.6 Lysozyme loaded MSNs (500 µg/mL) for Escherichia coli (E. coli) inhibition after 

5 days incubation. Figure taken from reference 64. 

 

While some progresses has been made with MSNs mediated protein delivery using 

cytochrome c or lysozyme as model proteins,44, 73-76 reports on intracellular delivery of large 

functional proteins (more than 100 kDa) are rare.8 Yu et al. designed a new type of 

monodispersed MSNs with a core-cone structure (MSN-CC) with an average pore size of 45 

nm (Figure 1.7). These particles were synthesized in a chlorobenzene-water system, using 

cetyltrimethylammonium chloride (CTAC) as a structure-directing agent and tetraethyl 

orthosilicate (TEOS) as the silica source. The loading capacity for large molecular weight 

proteins (i. e. IgG, 150 kDa; β-galactosidase, 119 kDa) is 560 mg/g MSNs and 190 mg/g 

MSNs, respectively. The efficient delivery of active β-galactosidase (119 kDa) into N2a cells 

(mouse neuroblastoma cells) was quantified by monitoring the enzymatic activity of β-

Galactosidase, showing that this core-cone structured MSN is a potential nanocarrier for 

protein delivery.8  
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Figure 1.7 (A) A picture of a dahlia photographed by C. Xu at Tasmania.(B) TEM images at 

low magnification, (C) high magnification, MSN-CC with uniform diameters of 180 nm, and 

(D) an electron tomography (ET) slice of MSN-CC. Figure taken from reference 8. 

 

For future in vivo applications of these protein-loaded MSNs, there are still some 

limitations that to be resolved, such as premature protein release and the colloidal instability 

of MSNs in salt-containing solutions. More specifically, after protein encapsulation the 

surface properties of MSNs change (e.g. zeta-potential becomes neutral), resulting in 

aggregation and colloidal instability in physiologic environments.24 As a result, these 

aggregated particles are recognized and removed by the mononuclear phagocytical cells in the 

reticuloendothelial system.49 As mentioned earlier in this chapter, the efficiency of cellular 

uptake of MSNs is size-dependent23 and aggregated particles are therefore less suitable for in 

vivo delivery applications.  
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1.3 A lipid bilayer coated mesoporous silica nanoparticles   

Following the pioneering work on supported phospholipid membranes in the 1980s,77, 78 

these reconstituted planar membranes on solid supports (or supported lipid bilayers, SLBs) 

have become popular as a model system mimicking the membrane of cells, with potential bio-

technological applications. For example, as a model of biological membranes to  study the 

transport of ions and molecules (Figure 1.8).78, 79 Considerable work has been done to 

investigate the process of bilayer the formation by exposing small lipid vesicles to a 

hydrophilic support (e.g., silica).77-81 It was shown that phospholipid membranes are able to 

assemble into different structures upon contact with a hydrophilic surface,82 involving vesicle 

adsorption, rupture and spreading into planar membranes.79 Cryo-electron microscopy 

imaging convincingly demonstrated that the lipid bilayers faithfully follow the topology of the 

silica substrate.83 

 
Figure 1.8 Mechanisms of vesicle rupture:  (A) an isolated adsorbed vesicle ruptures 

spontaneously, driven by its support-induced deformation; (B) neighboring adsorbed vesicles 

fuse and eventually rupture; (C) the active edge of a supported bilayer patch induces the 

rupture of a neighboring vesicle; (D) the cooperative action of several neighboring vesicles 

leads to the rupture of a first vesicle (at the critical vesicular coverage). The active edge 

thereby exposed triggers the rupture of adjacent vesicles. 79 Figure taken from reference 79.  

 

The long-term colloidal stability of MSNs remains a challenge, especially in in vivo 

experiments. Since the repulsive force between MSNs decreases after protein encapsulation, 

aggregation readily occurs. Therefore, application of a lipid bilayer on the exterior surface of 

MSNs could be useful to enhance the colloidal stability. Furthermore, it will also affect the 

rate of protein release by covering the pores of MSNs.84, 85 In addition, the composition of 

supported lipid bilayer, can be modified for specific biological applications, for example by 
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conjugation of specific molecules in order to achieve cell-specific targeting and controlled 

intracellular delivery. 27, 86 

 
Figure 1.9  Schematic representation of the elaboration process of silica nanoparticles 

covered with lipids.87 Relative cryo-transmission electron microscopy image, the red lines 

represent lipid patch or a lipid bilayer.83 Figure taken from reference 83.  

 

The use of supported lipid bilayer coated MSN, sometimes called “protocells” as a new 

drug delivery tool to ensure efficient cell uptake, was pioneered by Brinker and others.84, 85 12, 

84, 88-91 These protocells can be considered as a mimic of the cellular envelopes and 

cytoskeleton, combining the favorable properties of MSNs and liposomes.23 While MSNs 

possess a high surface area and large accessible pore volumes enabling loading with guest 

molecules, the lipid bilayer acts as a physical barrier keeping the cargo inside the MSN core 

and provides colloidal stability.85, 92, 93 The cargo is therefore protected from the environment 

and can be transported and released into the cell.88 MSNs can be coated non-covalent with a 

physically adsorbed bilayer23, 83, 86, 87, 92 or modified through covalent bonds with the 

phospholipids 85, 94 Efforts have been made to develop biocompatible and multifunctional 

protocells, such as using peptide-modified lipid bilayer coated MSN in order to target a 

specific tissue or cell type.12, 27, 86, 95 Furthermore, magnetic field controlled93 or light-

controlled release of cargo,96 PEGylation lipid composition have been applied to realize 

effective targeting or extending the circulation time.25, 88, 94 However, most studies to date 

with these nanocarriers using lipid bilayer coated MSN mediate the delivery of low molecular 

weight dyes and drugs only.84, 85, 90, 97, 98 So far, only a few reports on the delivery of small 

interfering RNA, 27 DNA23 and proteins (i.e. ricin toxin A-chain, 32 kDa) have been 

reported.12, 86   
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1.4 Aim and outline of this thesis 

In this thesis, we designed a facile synthetic route of a new type of MSNs that are able to 

effectively encapsulate and release proteins. The delivery of three commonly used proteins 

(ovalbumin, cytochrome c and hemoglobin) with different surface charges and molecular 

weight was studied, to investigate the potential biomedical application of large pore MSNs as 

a vaccine (ovalbumin), in protein therapy (hemoglobin) and in cancer therapy (cytochrome c). 

In Chapter 2, we present a new type of elongated cuboidal MSNs with average 

dimensions of 90 × 43 nm that process disk-shaped cavities, stacked on top of each other, 

oriented parallel to the short axis of the particle. The MSN surface was modified with amines 

using 3-aminopropyltriethoxysilane or 3-[2-(2-

aminoethylamino)ethylamino]propyltrimethoxysilane (AP-MSNs and AEP-MSNs), in order 

to obtain a positive surface charge at physiological pH. This unique open mesostructure 

makes it an ideal scaffold for protein encapsulation and delivery. Seven model proteins (α-

lactalbumin, ovalbumin, bovine serum albumin, catalase, hemoglobin, lysozyme and 

cytochrome c) were encapsulated and the release was studied. It was found that these large-

pore MSNs are suitable protein nanocarriers with favorable physical properties such as rapid 

encapsulation and with a high loading capacity for a wide range of model proteins. The 

protein release from these large-pore MSNs was examined showing that the structure of the 

released proteins remained unaltered. This study proved that these new cuboidal MSNs can be 

used as an effective platform for therapeutic protein delivery. 

To study the scope of potential biomedical applications, a new intradermal delivery 

system is described in Chapter 3, which synergistically integrates the advantages of 

nanoparticles with microneedle delivery. In this study, ovalbumin-loaded, lipid bilayer-

covered MSNs (LB-MSNs) were adsorbed onto pH-sensitive microneedles. The large pores 

(10 nm) facilitated the rapid encapsulation of ovalbumin (OVA) with a high loading capacity. 

The introduction of a lipid bilayer significantly improved the colloidal stability of OVA 

loaded AEP-MSNs and concomitantly reduced the premature release of OVA. In addition, it 

enables the coating of LB-MSNs on the surface of pH-sensitive microneedle arrays based on 

electrostatic interactions. Application of LB-MSNs coated microneedle arrays into human 

skin (ex vivo) resulted in the successful delivery of the OVA-loaded nanoparticles into the 

skin in a pH dependent manner. This microneedle-mediated intradermal delivery system for 

MSNs can be a promising tool to deliver a wide range of compounds into the skin. 



Chapter I 

22 
 

Protein Delivery into the cytoplasm of cells is still a challenging topic in the field of 

nanomedicine as inefficient cellular uptake and endosomal escape limits potential clinical 

applications. In Chapter 4 a complementary pair of coiled-coil lipopeptides (CP4E4 and 

CP4K4) was introduced as a way to trigger and control the targeted delivery of lipid bilayer 

coated MSNs into cells. The positively charged membrane-impermeable protein cytochrome c 

was used as a model protein in this study. MSNs with large pores rapidly encapsulated 

cytochrome c and were coated by a phospholipid bilayer containing CP4E4. These 

nanoparticles were added to CP4K4 pre-treated HeLa resulting in efficient cell uptake. By 

applying the fusogenic coiled coil system, cytochrome c was efficiently transported into the 

cytoplasm of cells within 30 minutes. 

The preparation and (bio)physical properties of hemoglobin-based oxygen carrier 

nanoparticles (Hb-NPs) is described in Chapter 5. MSNs with large pores were used to 

encapsulate bovine hemoglobin (MSNs/Hb) and coated with a lipid bilayer. These large pore 

MSN act as rigid core to store and provide a protective environment for the encapsulated Hb. 

The lipid bilayer enhanced the colloidal stability of MSNs/Hb, as well as prevented the 

premature release of Hb. The in vivo circulation was studied in zebrafish embryos, 

demonstrating the potential for future pharmaceutical applications. 

As nanoparticles (NPs) are attractive for pharmaceutical applications due to their unique 

features, such as its large surface to mass ratio resulting in the ability to encapsulate a wide 

variety of compounds99 (e.g. low-molecular weight drugs, proteins, DNA/RNA). For a better 

characterization of these nanoparticles, it would be helpful to know the mass of a single 

nanoparticle, and therefore be able to calculate the number of molecules encapsulated per 

MSN. Nanoparticle Tracking Analysis (NTA) can determine the size distribution, and high 

sensitively in terms of particle-number concentration.100 Based on this technique, we 

developed a simple and low-cost method to estimate the mass of single MSNs (Chapter 6).  

Finally in Chapter 7, the findings and conclusions of this thesis are summarized and 

further research for potential applications of MSNs are presented.  
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Abstract  

Mesoporous silica nanoparticles (MSNs) have been explored extensively as solid 

supports for proteins in biological and medical applications. Small (< 200 nm) MSNs with 

ordered large pores (> 5 nm), capable of encapsulating therapeutic small molecules suitable 

for delivery applications in vivo, are rare however. Here we present small, elongated, cuboidal, 

MSNs with average dimensions of 90 × 43 nm that possess disk-shaped cavities, stacked on 

top of each other, which run parallel to the short axis of the particle. Amine-functionalization 

was achieved by modifying the MSN surface with 3-aminopropyltriethoxysilane or 3-[2-(2-

aminoethylamino)ethylamino] propyltrimethoxysilane (AP-MSNs and AEP-MSNs) and were 

shown to have similar dimensions to the non-functionalized MSNs. The dimensions of these 

particles, and their large surface areas as measured by nitrogen adsorption-desorption 

isotherms, make them ideal scaffolds for protein encapsulation and delivery. We therefore 

investigated the encapsulation and release behavior for seven model proteins (α-lactalbumin, 

ovalbumin, bovine serum albumin, catalase, hemoglobin, lysozyme and cytochrome c). It was 

discovered that all types of MSNs used in this study allow rapid encapsulation, with a high 

loading capacity, for all proteins studied. Furthermore, the release profiles of the proteins 

were tunable. The variation in both rate and amount of protein uptake and release was found 

to be determined by the surface chemistry of the MSNs, together with the isoelectric point 

(pI), and molecular weight of the proteins, as well as by the ionic strength of the buffer. These 

MSNs with their large surface area and optimal dimensions, provide a scaffold with a high 

encapsulation efficiency and controllable release profiles for a variety of proteins, enabling 

potential applications in fields such as drug delivery and protein therapy. 

 

Keywords: mesoporous silica nanoparticles, protein loading, protein release, nanomedicine, 

sol-gel, drug delivery  
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2.1 Introduction 

Proteins participate in a variety of vital processes in the body,1 and are therefore used as 

therapeutic agents in a diverse range of biomedical applications,2 such as cancer therapy,3, 4 

vaccination,5, 6 and protein therapy.7, 8 Several barriers have to be overcome for efficient 

protein delivery however, as most native proteins are membrane impermeable due to 

electrostatic repulsion, and are prone to degradation or inactivation processes in bodily 

fluids.1 Over the last decades, various nanocarriers such as lipid-based assemblies,9 gold 

nanoparticles10 and polymeric nanoparticles,11 have been developed to overcome these 

barriers.   

Mesoporous silica nanoparticles (MSNs) are a class of molecules that have attracted a lot 

of attention in the small molecule delivery field, due to their multitude of desirable properties. 

They possess an open-pore structure; the sizes of the pores and of the MSNs themselves can 

be controlled synthetically.12-14 Furthermore, the silanol-containing surface can be readily 

functionalized,15-17 enabling modification with targeting molecules such as folate or 

hyaluronic acid to enhance cellular uptake,18, 19 and permitting the adsorption of various 

proteins with different isoelectric points (pI).16, 20 Due to their structure, MSNs protect 

proteins from premature degradation in body fluids, thereby increasing the efficiency of 

protein delivery in vivo, thus reducing renal filtration.1 This combination of properties means 

MSNs have exhibited potential as a non-invasive and biocompatible platform for protein 

delivery,21, 22 especially in the fields of enzyme therapies,7, 8 vaccination,5, 6, 23 and imaging.24 

Since MSNs are much smaller than eukaryotic cells, they can facilitate the transport of 

proteins into the cytosol via an endocytosis pathway and subsequent endosomal escape.25, 26  

Numerous synthetic protocols for the preparation of MSNs have been developed with the 

aim of controlling the size and morphology of these nanoparticles.27-30 Encapsulating proteins 

in MSNs is still challenging however, and only a few publications concerning the design of 

MSNs with a morphology that enables the effective encapsulation of a broad range of proteins 

are available.31, 32 Typically, proteins are only adsorbed onto the external surface of MSNs 

due to the small pore diameter (< 3 nm) preventing the proteins from entering the MSNs’ 

interior pores.5, 33 Proteins adsorbed at the MSNs’ outer surface do not make use of the 

protective environment inside the MSNs, nor do they utilize the large internal surface area 

presented by the pores.14, 34 Thus, limitations in generating small (< 200 nm in diameter) 

MSNs with sufficient pore sizes (> 5 nm) to encapsulate proteins or other biomacromolecules 

is one of the major hurdles for “comfortably” hosting large molecules.21, 35-37 In order to solve 
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this protein inaccessibility issue, MSNs with a large pore size have been synthesized. 

However, the diameter of the majority of these particles is 1-2 μm and so these are less suited 

for in vivo delivery applications. Studies have shown that particle sizes between 50 and 200 

nm are preferred for endocytic uptake.25, 38, 39 Therefore, monodisperse MSNs with a particle 

size in the 50-200 nm range, controllable surface chemistry, and a large pore size (> 5 nm) are 

desired. 31, 36 

Building upon previous methods,28, 40-42 we designed a facile synthetic route to produce 

MSNs that are able to effectively encapsulate and release a variety of proteins. To obtain the 

desired large pores in a sub-200 nm particle, a double-surfactant system consisting of a high 

molecular weight block copolymer (Pluronic P123),28, 31, 40 and fluorocarbons,28, 43 was 

employed as the structure-directing template. The swelling agent 1,3,5-trimethylbenzene 

(TMB) was added to expand the diameter of the pores.28, 40 These MSNs were synthesized as 

stable colloidal suspensions with a narrow size distribution and channels aligned parallel to 

the short axis. This mesostructure favors efficient mass transfer,44 as it possesses a high 

density of entrances enabling rapid and efficient encapsulation of proteins.35  

The obtained MSNs bear a net negative charge,29, 34 at physiological pH. To study the 

effect of the silica surface charge on protein encapsulation, cationic MSNs were prepared by a 

post-synthesis grafting method involving the amine-containing silanes (3-

aminopropyl)triethoxysilane (APTES) and 3-[2-(2-aminoethylamino)ethylamino] 

propyltrimethoxysilane (AEPTMS). This modification generated positively charged MSNs at 

physiological pH, designated as AP-MSNs and AEP-MSNs, respectively.  

To illustrate the potential of these new, large-pore MSNs as protein carriers, the 

encapsulation and release of a range of model proteins20, 45-48 with different molecular weights 

(Mw) and isoelectric points (pI) was studied, revealing that the MSNs’ surface charge 

controls the protein encapsulation efficiency. The release profiles of the proteins from these 

large-pore MSNs were subsequently examined, and it was additionally confirmed that the 

structure of the released proteins was not altered.  

 

2.2 Materials and Methods 

2.2.1 Materials 

Pluronic P123 (EO20PO70EO20, Mn~5800 g/mol), tetraethyl orthosilicate (TEOS, ≥98%), 

hydrochloric acid (HCl), mesitylene, 3-aminopropyltriethoxysilane (APTES), 3-[2-(2-

aminoethylamino)ethylamino] propyltrimethoxysilane (AEPTMS), 1,3,5-trimethylbenzene 
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(TMB), α-lactalbumin from bovine milk (LAC), albumin from chicken egg white (OVA), 

bovine serum albumin (BSA), catalase from bovine liver (CAT), hemoglobin from bovine 

blood (Hb), cytochrome c from equine heart (CYT) and lysozyme from chicken egg white 

(LYS) were purchased from Sigma-Aldrich and used as received. Fluorocarbon surfactant 

FC-4 was purchased from Yick-Vic Chemicals & Pharmaceuticals (HK) Ltd, China. Milli-Q 

water (18.2 MΩ/cm, Millipore Co., USA) was used throughout the experiments. The 

composition of the phosphate buffered saline (PBS) used was: K2HPO4 (14.99 mM), KH2PO4 

(5 mM), and NaCl (150.07 mM), with an ionic strength of 270 mM. The phosphate buffer 

(PB) with an ionic strength of 12 mM was prepared by mixing Na2HPO4 (1 mM) and 

NaH2PO4 (1 mM) at molar ratio of 5:2. The PB with an ionic strength of 166 mM was 

prepared by adding 0.9% NaCl into previously described PB with an ionic strength of 12 mM. 

The pH values were adjusted to 7.4. 

 

2.2.2 Preparation of large-pore MSNs and functionalized MSNs 

MSNs were synthesized as follows. 0.5 g of surfactant Pluronic P123 and 1.4 g of FC-4 

were dissolved in 80 mL of HCl (0.02 M), followed by the introduction of 0.48 mL of TMB. 

After stirring for 6 h, 2.14 mL of TEOS was added dropwise. The resulting mixture was 

stirred at 30 °C for 24 h and transferred to an autoclave at 120 °C for 2 days. Finally, the solid 

product was isolated by centrifugation, and washed with ethanol and water. The organic 

template was completely removed by calcination at 550 °C for 5 h. 

The MSNs were functionalized with amine-containing groups through a post-

modification procedure.49, 50 For AP-MSNs, 100 mg of MSNs were suspended in 10 mL of 

ethanol and 0.4 mL of APTES was added. The mixture was refluxed at 77 °C for 10 h with 

stirring. The resulting particles were collected by centrifugation (13000 rpm, 5 min), washed 

thoroughly with ethanol and water three times, and freeze-dried. For AEP-MSNs, 100 mg of 

MSNs were incubated with 4 mL of 20 wt% AEPTMS in ethanol, overnight at room 

temperature. The AEP-MSNs were purified by centrifugation (13000 rpm, 5 min) and washed 

with ethanol and water three times to remove unreacted AEPTMS, and freeze-dried. 

 

2.2.3 Protein encapsulation studies  

A protein stock solution (0.5 mg/mL) was prepared in phosphate buffer (1 mM, pH 7.4). 

MSNs, AP-MSNs, and AEP-MSNs (2 mg/mL), were sonicated (10 min) and dispersed in the 

same buffer. In a typical procedure, 0.5 mL of protein stock solution was mixed with 0.5 mL 

of MSNs, AP-MSNs or AEP-MSNs suspension and incubated in an Eppendorf mixer (400 
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rpm, 25 °C). After incubation for 20 min, protein-loaded particles (MSNs, AP-MSNs and 

AEP-MSNs) were collected by centrifugation (13000 rpm, 5 min) and separated from the 

non-encapsulated protein, which remained in the supernatant. The encapsulation efficiency 

(EE%) was determined by measuring the difference in concentration of the protein in the 

supernatant before and after loading. The concentration of protein was determined using a 

standard calibration curve of the corresponding protein. The intrinsic fluorescence intensity 

and absorbance of the proteins were measured using Greiner 96-well flat-bottom black, and 

Greiner 96-well flat-bottom transparent, microplates respectively in a plate reader (Tecan 

infinite M1000). For LAC, OVA, BSA, CAT and LYS, the standard curves were based on the 

intrinsic fluorescence intensity (excitation wavelength = 280 nm and emission wavelength = 

320 nm) as a function of concentration (0-500 µg/mL). For Hb and CYT, the calibration 

curves were based on the absorbance at 405 nm and 412 nm respectively, as a function of 

concentration (0-500 µg/mL). The EE% and loading capacity (mg/g) were calculated as 

shown in Equation 2.1 and 2.2:21, 51  

EE% =
𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  − 𝑓𝑓𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
× 100%                                                                                    (2.1)  

Loading capacity (mg/g) =
𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(mg) − 𝑓𝑓𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(mg)

amount of MSNs (g)                                              (2.2)    

Where 𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is the total amount of protein, and 𝑓𝑓𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is the amount of free protein.  

 

2.2.4 Protein release studies 

The in vitro release of encapsulated proteins, and the effect of ionic strength on the 

release profiles, was determined by suspending the protein-loaded MSNs in 1 mL of 

phosphate buffer of different ionic strengths (12 mM, 166 mM and 270 mM) at a final MSN 

concentration of 1 mg/mL. All suspensions were placed in an Eppendorf mixer (400 rpm, 

37 °C). The amount of released protein was determined by removing the supernatant after 

centrifugation (13000 rpm, 5 min) and replacing it with clean buffer (1 mL) at specified time 

points. The amount of protein in the supernatant was measured using a Tecan infinite M1000 

plate reader (using the settings described in section 2.3). All measurements were performed in 

triplicate. CD spectra of the proteins before and after release were measured using a Jasco J-

815 spectropolarimeter. Spectra were collected from 260 – 190 nm, at 25 °C to determine 

whether encapsulation and subsequent release of the proteins had any effect on their 

secondary structure.  
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2.2.5 Particle analysis 

The porous structure of the as-prepared MSNs was characterized using transmission 

electron microscopy (TEM) operated at 70 kV (TEM, JEOL 1010, USA). (Cryo-) electron 

tomography was performed in bright-field mode using zero-loss energy filtering with 20 eV 

energy window on the TU/e cryoTITAN (FEI, FEG, 300 kV, Gatan Energy filter). Images of 

the tilt-series were collected either dry at room temperature or under cryogenic conditions 

with the particles suspended in vitrified water over an angular range of ± 65° at 2 degree 

increments and with a nominal underfocus of -200 nm (dry) or -5 µm (cryo). Due to the beam 

sensitivity of the material, the total accumulated dose over the entire tilt-series was kept below 

100 e-/Å2. Alignment by fiducial gold particles, 3D reconstruction and denoising using 

nonlinear anistropic diffusion was carried out in IMOD. Visualization was performed in 

Avizo. Surface analysis of the MSNs was performed by measuring nitrogen-sorption 

isotherms at 77 K with a Micromeritics TrisStar II 3020 as the analyzer. As a pretreatment, 

MSNs were outgassed at 300 °C for 16 h under vacuum (below 0.15 mbar), while the other 

samples (AP-MSNs, AEP-MSNs, and protein-loaded MSNs) were outgassed at 25 °C for 16 h. 

The specific surface areas were calculated using the Brunauer-Emmett-Teller (BET) method. 

The pore size distribution was calculated from the desorption branch of the isotherm by the 

Barrett-Joyner-Halenda (BJH) method.52 The hydrodynamic diameter and zeta-potential of 

the MSNs were measured with a Malvern Nano-ZS instrument.  

 

2.3 Results and discussion 

2.3.1 Synthesis and characterization of MSNs, AP- and AEP-MSNs  

Existing literature details how amphiphilic block copolymers such as Pluronic P123,31, 40 

act as organic structure-directing agents, and co-solvent organic molecules (e.g. TMB)53, 54 

can be used as swelling agents to obtain MSNs with large pores. This technique was 

replicated here and, in addition, the cationic fluorocarbon surfactant FC-4 was utilized to 

confine the diameter of the MSNs.28 Additionally, a hydrothermal treatment, similar to the 

procedure reported by Han,28, 55 but with a higher temperature (120 °C) and a longer reaction 

time (48 h) was employed to improve mesoscopic regularity and to further extend pore size.40, 

42, 56, 57  
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Figure 2.1 (a) Hydrodynamic diameter by DLS; (b) TEM image of MSNs, scale bar = 200 nm, 

insert figure with scale bar = 50 nm, (c) and (d) electron tomography results showing cross-

section through reconstruction (pores that connect cavities with the environment are 

indicated by arrows) and 3D rendering of silica surface (cut to expose the interior), scale bar 

= 25 nm. 

 

Dynamic light scattering (DLS) measurements revealed MSNs with a unimodal 

distribution that possessed an average hydrodynamic diameter of 146 nm (Figure 2.1a). The 

morphology and mesoporous structure of the MSNs was visualized by TEM (Figure 2.1b). 

Analysis of the TEM images revealed the MSNs had lengths of 90 ± 20 nm and widths of 43 

± 7 nm, giving them an elongated cuboidal-like geometry. These sizes were slightly smaller 

than those determined by DLS, since TEM provides the size distribution of dehydrated 

particles and DLS measurements yield an average hydrodynamic diameter of the particles  in 

solution.58 The MSNs were found to possess large channels with an average size of 10 ± 1 nm 

(measurements from 150 particles). These channels run parallel to the short axis of the MSNs.  

Next, a 3D-reconstruction of the MSNs was obtained by (cryo-) electron tomography. 

This revealed the MSNs possessed disk-shaped cavities, or channels, stacked on top of each 
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other, which run parallel to the short axis of the particle, consistent with the TEM 

observations (Figure 2.1c,d).  

To further characterize the channels within the MSNs, nitrogen sorption measurements 

were performed. The MSNs exhibit characteristic type IV isotherms with type-H1 hysteresis 

loops40, 59 in nitrogen sorption measurements, indicative of the presence of channel-like 

mesopores (Figure 2.2a). The average diameter of the channels inside these MSNs was 

calculated to be 9-11 nm (Figure 2.2b), consistent with the result obtained by TEM. The 

MSNs were calculated to have a large specific surface area of 506 m2/g (Table 2.1).  

 
Figure 2.2 (a) Nitrogen adsorption-desorption isotherms and; (b) corresponding pore size 

distributions of MSNs, AP-MSNs and AEP-MSNs. 

 

Amino-modified MSNs, termed AP- and AEP-MSNs, were synthesized by reacting the 

MSNs with APTES, and AEPTMS respectively. These modified MSNs also exhibited type IV 

isotherms with type-H1 hysteresis loops (Figure 2.2a), indicating functionalization of the 

surface of the MSNs with amine groups did not perturb the structure. The presence of amino 

groups does reduce the specific surface area to 328 m2/g and 318 m2/g for AP-MSNs and 

AEP-MSNs respectively (Table 2.1). This is in accordance with the slightly reduced pore 

diameters of AP- and AEP-MSNs, which are both calculated to be 9 ± 1 nm (Figure 

2.2b,Table 2.1), which is still larger than the geometric size of most proteins.  
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Table 2.1 Physical characteristics of MSNs, AP-MSNs and AEP-MSNs 

Sample 
BET specific 

surface area (m2/g) 

Specific channel 

volume (cm3/g) 

Average channel 

diameter (nm)a 

MSNs 506 1.01 10 ± 1 

AP-MSNs 328 0.68 9 ± 1 

AEP-MSNs 318 0.71 9 ± 1 
aCalculated from the desorption branch of the N2 sorption isotherms based on the BJH method. 

 

2.3.2 Protein loading studies 

To test the potential of these MSNs for protein-based delivery applications we studied 

the encapsulation and release of seven model proteins with different molecular weights, 

geometric sizes, shapes, and pI values (Table 2.2). These proteins were selected due to the 

wide variety of physical properties they collectively presented, (Table 2.2), and because of 

their biological applications, for example: ovalbumin has been studied for its antigenic 

properties;5, 6 catalase is an important antioxidant;7, 8 hemoglobin is a well-characterised 

oxygen carrier;51, 60 and cytochrome c has been known to induce apoptosis.53, 61  

Table 2.2 List of encapsulated proteins and their properties  

Protein Classificationa Mw/kDa Sizeb (nm) pI 

LAC glycoprotein 14.2 2.3 × 2.6 × 4 4.5 

OVA allergen 42.7 4 × 5 × 7 4.9 

BSA transport protein 66.5 5 × 5 × 9 4.9 

CAT oxidoreductase 250 7 × 8 × 10 5.8 

Hb oxygen binding 64.5 5.3 × 5.4 × 6.5 6.8 

LYS hydrolase 14.3 3 × 3 × 4.5 10-10.5 

CYT electron transport 12.4 2.6 × 3.2 × 3.3 11.35 
aThe classification and residue count of these proteins comes from the protein data bank (PDB, 

www.rcsb.org). PDB codes: LAC, 1HFX; OVA, 1VAC; BSA, 4F5S; CAT, 1TGU; Hb, 2QSS; LYS, 

4YM8; CYT, 2N3B.  
bGeometric dimensions given by published literature.34, 62-64 

 

Proteins were mixed with MSNs, AP- and AEP-MSNs in a 1:4 (protein:MSN) weight 

ratio. Figure 2.3a shows the encapsulation efficiency (EE%) of these proteins at physiological 

pH. The encapsulation process was found to be very rapid, with over 95% encapsulation 

efficiency being achieved within twenty minutes for all proteins.  
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Figure 2.3 (a) EE% of seven proteins in MSNs (black bars), AP-MSNs (red bars), and AEP-

MSNs (blue bars), the initial weight ratio for encapsulation between protein and particles was 

1:4 (250 mg of protein/1 g particles); (b) zeta potential of MSNs, AP-MSNs and AEP-MSNs in 

1 mM PB, pH 7.4; (c) Encapsulation efficiency (EE%) of seven proteins (LAC, OVA, BSA and 

CAT in AEP-MSNs, and Hb, LYS and CYT in MSNs), and (d) the corresponding loading 

capacity (mg/g) for all proteins. The weight ratio for encapsulation between protein and 

MSNs is 1:4 (black bars) and 1:1 (red bars). Conditions for encapsulation of all proteins: 1 

mM PB, ionic strength 12 mM, 25 °C, 20 min.  

 

The charges of the MSNs, AP-MSNs and AEP-MSNs vary due to the surface chemistry 

of the particles. Zeta-potential analysis (Figure 2.3b), revealed a negative surface charge for 

MSNs (-30.2 mV), but a positive charge for both AP- and AEP-MSNs (+5.9 mV and +12.1 

mV, respectively). This charge affects the extent of protein encapsulation; for proteins with a 

negative surface charge (LAC, OVA, BSA and CAT), encapsulation in positively charged 

AP- and AEP-MSNs was more efficient when compared to encapsulation in unmodified 
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MSNs. This was especially relevant with AEP-MSNs, where the encapsulation efficiency for 

all four of these proteins reached more than 95%. It is therefore evident that the amount of 

LAC, OVA, BSA and CAT encapsulated can be increased by the introduction of positively 

charged amine moieties onto the MSNs surface. Conversely, for the positively charged 

proteins LYS and CYT the amount encapsulated decreases when AP- or AEP-MSNs are 

employed. The observed results indicate that electrostatic interactions are likely to be the 

main driving force for protein encapsulation.45, 65, 66 It is also interesting to note that CAT (250 

kDa, ca. 10 nm diameter)46 can be encapsulated into the mesopore network despite the fact 

that the pore size is similar to that of protein.67 Interestingly, Hb (pI = 6.8) is still negatively 

charged when dissolved in phosphate buffer at pH 7.4. Still, the EE% of Hb reached 97%, 

while for AP-MSNs the EE% was 43% and for AEP-MSNs, 47%. For positively charged 

proteins (LYS and CYT), a high encapsulation efficiency (97% and 98% respectively), was 

obtained with unmodified MSNs while the encapsulation in AP-MSNs and AEP-MSNs was 

limited due to electrostatic repulsion.  

Considering the initial weight ratio between the proteins and MSNs (1:4), and the EE%, 

these results clearly showed that MSNs (with an appropriate surface charge) can act as 

nanocarriers to efficiently encapsulate a wide variety of proteins (Mw 12.3-250 kDa, pI 4.5-

11.3) with a loading capacity of at least 25 wt% (250 mg/g). When the initial weight ratio 

between the proteins and MSNs was increased (1:1), the EE% decreased but the total amount 

of protein encapsulated increased. For example, the loading capacity of CAT into AEP-MSNs 

increased from 241.7 ± 0.4 mg/g to 852.9 ± 13.2 mg/g, while for Hb 239.1 ± 4.6 mg/g was 

encapsulated at the 1:4 ratio, but this rose to 747.5 ± 10.0 mg/g when a 1:1 ratio was used. For 

LAC an increase from 238.0 ± 2.3 mg/g to 560.0 ± 4.4 mg/g was observed (Figure 2.3c,d). 

The large pore size is advantageous, especially for proteins with a high molecular weight and 

hence a large size. Upon protein encapsulation, both the surface area and pore diameter of the 

MSNs decreased, showing that the protein molecules had been encapsulated within the 

channels of the MSNs (Figure 2.4 and Table 2.S1).31 
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Figure 2.4 (a) Nitrogen adsorption-desorption isotherms of MSNs/proteins (Hb and CYT), 

and (b) corresponding pore size distributions, with MSNs as a control; (c) nitrogen 

adsorption-desorption isotherms of AEP-MSNs/proteins (LAC and CAT), and corresponding 

(d) pore size distributions, with AEP-MSNs as a control.  

 

2.3.3 Protein release studies 

The in vitro release of proteins from MSNs or AEP-MSNs was investigated using a high 

ionic strength (270 mM) PBS buffer. For this study MSNs containing Hb, LYS and CYT, and 

AEP-MSNs loaded with LAC, OVA, BSA and CAT were tested. All the profiles showed a 

rapid burst release (Figure 2.5),68 and a direct correlation between the final released 

percentage and the molecular weight of the protein was observed.  
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Figure 2.5 (a) and (b) LAC, OVA, BSA and CAT release profiles from AEP-MSNs and; (c) 

and (d) Hb, LYS and CYT release profiles from MSNs. Conditions for release of all proteins: 

PBS, (ionic strength 270 mM), 37 °C. 
 

A large amount of the encapsulated LAC (93%) was released from AEP-MSNs. This 

was the smallest protein to be encapsulated into these MSNs, so it is rational that this shows 

the highest released percentage as its small size makes ‘escape’ from the pores easier. OVA 

and BSA showed comparable release percentages (81 and 80%, respectively). These proteins 

are similar in size, therefore it is unsurprising that the amounts released are similar. They are 

significantly larger than LAC however, and the high release percentages are encouraging as 

these reveal that reasonably large proteins can escape from the MSN channels. Only 52% of 

CAT, the largest protein to be encapsulated in the AEP-MSNs was released however. The 

dimensions of CAT are 7 × 8 × 10 nm, this is close to the diameter of the pores and so it is 

possible that this protein gets trapped inside the pores resulting in a lower released percentage.   
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For the proteins encapsulated in the unmodified MSNs, a similar trend was seen. The 

two smallest proteins, CYT and LYS, exhibited similar release percentages (78 and 77% 

respectively). For Hb, the largest protein encapsulated into these MSNs, only 41% was 

released over the time frame studied, indicating that size plays an important role in release 

dynamics in these MSNs as well.  

The effect of the ionic strength of the buffer on the proteins’ release kinetics was also 

investigated (Figure 2.S1). Comparison of Figure 2.5a,b with Figure 2.S1a,b clearly shows the 

effect of ionic strength on the AEP-MSNs encapsulated proteins’ release. When a low ionic 

strength buffer was used, the amount of protein released decreased for all the proteins 

investigated. The largest decrease was seen for LAC; 93% of the encapsulated protein was 

released when PBS with an ionic strength of 270 mM was used, this decreased to 69% for 166 

mM PB buffer and a further decrease to 21% was observed when PB buffer with 12 mM ionic 

strength was employed, with the other proteins following a similar trend. These results 

indicate that a higher ionic strength of the buffer and a smaller molecular weight of the 

protein results in a larger percentage of released protein. This is likely to be because a smaller 

protein can escape the channels more easily, and a higher ionic strength buffer,16 screens 

electrostatic interactions more effectively, meaning the electrostatic interactions that are 

holding the proteins in place in the MSNs are diminished.  

The release of the MSN-encapsulated proteins did not follow such a clear trend when the 

ionic strength of the buffer was changed; compare Figure 2.5c,d and 2.S1c,d. At low ionic 

strength, the initial release rate of LYS was very low; this increased with an increasing buffer 

strength, as did the total amount of protein released. Hb and CYT exhibited different 

properties however. Both proteins showed burst release kinetics at high ionic strengths, 

whereas at low ionic strength the release was more sustained. The total amount released did 

not change as much for these proteins upon altering the ionic strength of the buffer (24, 27%, 

and 51% for Hb and 54, 69%, and 78% for CYT at 12 mM, 166 mM, and 270 mM ionic 

strength respectively) as it did for others. This suggests the factors controlling the release 

from the negatively-charged MSNs are more subtle than from the AEP-MSNs. Both protein 

size and charge (distribution) have an effect, but the effects of these are not easily separated. 

It would be interesting for future work to study the release of more proteins with MSNs to 

disentangle these effects and to determine which is more important – molecular weight or 

charge of the protein.  

Finally, for any application, it is important that the released proteins are not misfolded, 

for example, due to strong MSN-protein interactions. Therefore the secondary structure of the 
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released proteins was compared to that of non-encapsulated proteins. The structures were 

measured using circular dichroism (CD) spectroscopy and no change was seen in any of the 

protein’s secondary structure after encapsulation and release (Figure 2.S2). 

 

2.4 Conclusion 

Here we have described a method to synthesize sub-200 nm MSNs with large (10 nm) 

channels perpendicular to the long axis of the particles. As a result, the MSNs (or the facilely 

modified AP- and AEP-MSNs) have a rapid, high encapsulation efficiency of a wide range of 

proteins with vastly different properties. Encapsulation was found to be dependent on the 

surface chemistry within the channels, and was directly related to the surface charge of the 

protein. The release of such proteins is tunable, and is dependent on the ionic strength of the 

release medium and the MSN surface chemistry. Protein properties such as molecular weight 

and charge also play a role in the release kinetics, with the parameters governing release being 

more subtle and involved than those controlling encapsulation.  

This novel type of MSN with large channels and therefore a high surface area, resulting in a 

high encapsulation efficiency and controllable release profiles of proteins enables potential 

applications in fields such as protein therapy and drug delivery.  
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Supporting Information  
 

 
Figure 2.S1 LAC, OVA, BSA and CAT release profiles from AEP-MSNs in (a) 1 mM PB 

(ionic strength 12 mM), and (b) 1 mM PB with 0.9% NaCl at 37 °C (ionic strength 166 mM); 

Hb, LYS and CYT release profiles from MSNs in (c) 1 mM PB (ionic strength 12 mM), and (d) 

1 mM PB with 0.9% NaCl at 37 °C (ionic strength 166 mM).  
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Figure 2.S2 CD spectra of free proteins (black) and the released proteins from MSNs (or 

AEP-MSNs) (red) in PBS, pH 7.4, 25 °C. Concentration of non-encapsulated and 

encapsulated proteins were matched to provide accurate comparisons.  

 
Table 2.S1 Physical characteristics of MSNs and AEP-MSNs 

Sample 
BET surface area 

(m2/g) 

Channel volume 

(cm3/g) 

Channel diameter 

(nm)a 

MSNs 506 1.01 10 ± 1  

MSNs/CYT 263 0.56 7.5 ± 1.5 

MSNs/Hb 275 0.58 7.5 ± 1.5 

AEP-MSNs 318 0.71 9 ± 1 

AEP-MSNs/LAC 203 0.42 6.5 ± 1.5 

AEP-MSNs/CAT 223 0.46 6.5 ± 1.5 
aCalculated from the desorption branch of the N2 sorption isotherms based on the BJH method. 
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Abstract  

Herein we report a new intradermal delivery system by coating pH-sensitive 

microneedles with antigen-loaded, lipid bilayer-covered MSNs. A novel type of ultrafine 

MSNs with large pores (~10 nm in diameter) was synthesized with a positive surface charge, 

resulting in efficient loading of ovalbumin (OVA) in the MSN pores (AEP-MSNs). A lipid 

bilayer (LB) was assembled at the MSN surface to enhance the colloidal stability (LB-MSNs). 

The designed LB-MSNs were coated onto pH-sensitive pyridine modified microneedles by 

electrostatic interactions between the modified silicon surface and the LB-MSNs at low ionic 

strength. The presence of LB-MSNs on the surface of pyridine modified microneedles was 

confirmed by both scanning electron microscopy (SEM) and confocal laser scanning 

microscope (CLSM). The delivery of LB-MSNs into ex vivo human skin was studied. This 

designed microneedle-mediated intradermal delivery system for mesoporous nanoparticles 

could be a promising tool to deliver a wide range of compounds into the skin. The method is 

not restricted to the delivery of antigens, but can also be used to deliver any compound that 

can be encapsulated in MSNs like (low-molecular-weight) drugs, RNA/DNA and proteins. 

 

Keywords: Intradermal antigen delivery, lipid bilayer, mesoporous silica nanoparticles, pH-

sensitive microneedles 
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3.1 Introduction 

Vaccination is regarded as one of the most promising strategies for reducing mortality 

and improving human health.1, 2 Most of the current vaccines are delivered by intramuscular 

or subcutaneous injection, but the inherent limitations are obvious, such as the risk of the 

needle-related disease induced by reusing needles and syringes, the needle fear by children 

and patients, and the need for maintaining a proper cold chain during storage and transport.1, 2 

Therefore, new needle-free, easy to use and effective vaccination methods are urgently 

needed. One of these potential methods is microneedle-mediated intradermal vaccination.3 

Intradermal vaccination is attractive because the skin is easily accessible and the large 

number of immune cells inside the skin, such as dendritic cells (DCs), make the skin 

promising for vaccination.1, 4-6 Microneedles are micron-sized structures with a length of less 

than 1 mm which can be used to overcome the skin barrier located in the top layer of the skin. 

Microneedles enable minimally-invasive and potentially pain free delivery of vaccine into 

skin.5-8 9, 10 Previously, in our lab we designed pH-sensitive pyridine modified microneedles 

with a surface pKa below physiological pH, which allows the adsorption of negatively-

charged proteins at slightly acidic conditions (pH 5.8) and the release at neutral pH (pH 7.4). 

We studied the immunization of mice by using ovalbumin (OVA) coated pH-sensitive 

microneedles.8, 11 It was found that microneedle-mediated immunization led to comparable T-

cell responses but lower IgG responses as conventional subcutaneous or intradermal 

immunization. Possible strategies to further improve the immunogenicity of vaccines by the 

intradermal route could be adding an adjuvant or using nanoparticles to deliver the antigens.2, 

8, 12-17 

To improve the uptake of antigens by DCs and elicit a more potent immune response, 

antigens can be formulated into nanoparticles.13, 18 The adjuvanticity of nanoparticles is 

attributed to their capability of protecting antigen from degradation, forming a depot at the 

site of injection, and facilitating antigen uptake by DCs.19 A variety of nanosized vaccine 

delivery systems have been developed, such as polymeric nanoparticles,20 emulsions,21 and 

lipid-based nanoparticles.19, 20, 22 Recently mesoporous silica nanoparticles (MSNs) have 

gained significant attention as drug delivery vehicles because of their large surface area and 

large pore volume for the loading of active small molecules or proteins, controlled size and 

mesostructure, and excellent in vivo biocompatibility.2, 23-32 

Herein, we report a new intradermal delivery system, which synergistically integrates the 

advantages of nanoparticles and microneedles, by coating pH-sensitive microneedles with 
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antigen-loaded, lipid bilayer-covered MSNs. OVA was used as model antigen that is 

negatively charged (pI of 4.9)33 at pH 7.4. For the delivery of proteins, a novel type of 

ultrafine MSNs with large pores (~10 nm in diameter) was synthesized with a positive surface 

charge, resulting in efficient loading of OVA in the MSN pores (AEP-MSNs). To enhance the 

colloidal stability of OVA loaded AEP-MSNs, a lipid bilayer (LB) was assembled at the MSN 

surface and the lipid-coated MSNs are referred to as LB-MSNs.34-37 This method 

synergistically combines features of liposomes and MSNs and has been reported to address 

the multiple challenges, like stability, targeting and multicomponent delivery.35-37 The 

designed LB-MSNs were coated onto pH-sensitive pyridine modified microneedles by the 

electrostatic interactions between the modified silicon surface and the LB-MSNs at low ionic 

strength. Piercing the LB-MSNs coated microneedles into ex vivo human skin resulted in the 

successful release of the nanoparticles due to a shift in pH from 5.8 to 7.4 (Scheme 3.1).  

 
Scheme 3.1 Preparation and application of pH-sensitive microneedle arrays coated with LB-

MSNs. (a) Encapsulation of OVA into AEP-MSNs, followed by fusion of liposomes (composed 

of DOPC/DOPS/cholesterol), resulting in LB-MSNs. (b) Adsorption of LB-MSNs onto pH-

sensitive microneedles and penetration of microneedles into human skin, resulting in a pH 

shift and delivery of LB-MSNs into the viable epidermis and dermis. 
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3.2 Materials and Methods 

3.2.1 Materials 

Tetraethyl orthosilicate (TEOS), ethanol, acetone, methanol, isopropanol, sulfuric acid 

(96-98%), acetic acid, hydrochloric acid (36%-38%), (3-aminopropyl)triethoxysilane 

(APTES), 4-pyridinecarboxaldehyde, sodium cyanoborohydride, 3-[2-(2-

aminoethylamino)ethylamino] propyltrimethoxysilane (AEPTMS), Ovalbumin (OVA), 1,3,5-

trimethylbenzene (TMB), Pluronic P123 and cholesterol were purchased from Sigma-Aldrich. 

Fluorocarbon surfactant FC-4 was purchased from Yick-Vic Chemicals & Pharmaceuticals 

(HK) Ltd. 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-

[phosphor-L-serine](sodium salt) (DOPS), and 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt) (DOPE-LR) 

were purchased from Avanti Polar Lipids Inc. Hydrogen peroxide (30%) and 

ethylenediaminetetraacetic acid (EDTA) were purchased from Fluka. Toluene was purchased 

from Biosolve. Alexa Fluor®488 ovalbumin conjugates (OVA-AF488) was purchased from 

Thermo Fisher Scientific. Sterile phosphate buffered saline (PBS, 163.9 mM Na+, 140.3 mM 

Cl-, 8.7 mM HPO4
2-, 1.8 mM H2PO4

-, pH 7.4) was obtained from Braun. All reagents were 

used without further purification. Milli-Q water (18.2 MΩ/cm, Millipore Co., USA) was used 

for the preparation of solutions. 1 mM phosphate buffer (PB) with a pH of 7.4 was prepared in 

the lab. Silicon microneedle arrays with 576 microneedles per array on a back plate of 5 × 5 

mm2 and a length of 200 µm per microneedle were kindly provided by Bosch.  

 

3.2.2 Preparation of mesoporous silica nanoparticles (MSNs) with large ordered 

mesochannels 

MSNs were synthesized according to a published procedure38 with modifications.39 

Briefly, surfactant Pluronic P123 (0.5 g) and FC-4 (1.4 g) were dissolved in HCl (80 mL, 0.02 

M), followed by the introduction of TMB (0.48 mL). After stirring for 6 h, TEOS (2.14 mL) 

was added dropwise. The resulting mixture was stirred at 30 °C for 24 h and transferred to an 

autoclave at 120 °C for 2 days. Finally, the solid product was isolated by centrifugation, and 

washed with ethanol and Milli-Q water. The organic template was completely removed by 

calcination at 550 °C for 5 h. 

 

3.2.3 Synthesis of amino-functionalized MSNs (AEP-MSNs) 
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To prepare cationic MSNs, AEPTMS in absolute ethanol (4 mL, 20 wt%) was incubated 

with MSNs (100 mg) overnight at room temperature. The desired AEP-MSNs were collected 

by centrifugation and washed with ethanol to remove unreacted AEPTMS.  

 

3.2.4 Encapsulation of OVA in AEP-MSNs 

To determine the encapsulation kinetics of OVA in AEP-MSNs, AEP-MSNs (0.5 mL, 2 

mg/mL) and OVA (0.5 mL, 0.5 mg/mL) were mixed and incubated in Eppendorf mixer (400 

rpm, 25 °C) for different time period (0, 0.5, 1, 2, 4, 8 and 24 h). After incubation, the 

suspensions were centrifuged and the encapsulation efficiency (EE%) of OVA was 

determined by measuring the difference in its intrinsic fluorescence intensity with a plate 

reader (Tecan M1000) (excitation wavelength = 280 nm and emission wavelength = 320 nm) 

in the supernatant before and after the encapsulation.  

To determine the maximum loading capacity (LC%) of OVA in AEP-MSNs, AEP-

MSNs (2 mg/mL) were mixed with different initial concentrations of OVA (ranging from 

0.25, 0.5, 1, 1.5, 2 to 3 mg/mL) and incubated in an Eppendorf mixer (400 rpm, 25 °C) for 0.5 

h. Next, the suspensions were centrifuged at 9000 g for 5 min. The EE% of OVA was 

determined by measuring the difference in their intrinsic fluorescence intensity in the 

supernatant before and after the encapsulation with a plate reader (Tecan M1000). The EE% 

and LC% were calculated as below: 19, 40 

EE % = 𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜−𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜
𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜

 × 100 %                                                                                      (3.1) 

LC % = 𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜−𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜
𝑂𝑂𝑂𝑂𝑂𝑂 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑂𝑂𝐴𝐴𝐴𝐴˗𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀  × 100 %                                                                      (3.2) 

Where tova represents the total content of OVA, and fova is the content of free OVA (OVA 

in the supernatant).  

 

3.2.5 Preparation of liposomes 

Liposomes were prepared by dispensing stock solutions of DOPC (70 µl, 25 mg/mL), 

DOPS (20 µl, 12.5 mg/mL) and cholesterol (10 µl, 25 mg/mL) into scintillation vials. All 

lipids were dissolved in chloroform. A lipid film was created by slow evaporation of 

chloroform in the vial under a nitrogen flow and dried in vacuum overnight. The lipid film 

was rehydrated by the addition of PB (1 mL, 1 mM, pH 7.4) and the mixture was vortexed for 

10 seconds to form a cloudy lipid suspension. The obtained suspension was sonicated in a 

water bath for 10 min. The resulting clear liposomes dispersions were stored at 4 °C. To 
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obtain fluorescent liposomes, a fluorescently labeled lipid (DOPE-LR) was incorporated into 

the liposomes by adding the lipids at 1 wt% DOPE-LR to make to the lipid solution prior to 

liposome formation. 

 

3.2.6 Preparation of LB-MSNs 

To prepare LB-MSNs, OVA (0.5 mL, 0.25 mg/mL) solution in PB (1 mM, pH 7.4) was 

first transferred into a 2-mL Eppendorf tube, followed by the addition of AEP-MSNs 

suspension (0.5 mL, 1 mg/mL) and liposome solution (0.5 mL, 2 mg/mL). The resulting 

mixture was incubated in the Eppendorf mixer for 1.5 h (400 rpm, 25 °C). The particles were 

collected and excess liposomes and OVA were removed by centrifugation (9000 g, 5 min). 

The encapsulation of OVA was determined by measuring the difference in their intrinsic 

fluorescence intensity in the supernatant before and after the encapsulation on a Tecan M1000 

plate reader. All experiments were performed in triplicate. 

 

3.2.7 Characterization of MSNs, AEP-MSNs and LB-MSNs 

Transmission electron microscopy (TEM) images were collected by using a JEOL 1010 

instrument with an accelerating voltage of 70 kV. Nitrogen adsorption-desorption isotherms 

were obtained with a Micromeritics TriStar II 3020 surface area analyzer. Before each 

measurement, MSNs were outgassed in the vacuum (below 0.15 mbar) at 300 °C for 16 h, 

while AEP-MSNs were outgassed at room temperature. The specific surface areas were 

calculated from the adsorption data in the low pressure range using the Brunauer-Emmett-

Teller (BET) model.41 The pore size distribution was determined following the Barrett-

Joyner-Halenda (BJH) model.42 The hydrodynamic size distribution and zeta-potential of the 

samples were measured with a Malvern Nano-zs instrument. Nanoparticle tracking analysis 

(NTA) measurement was performed by using a NanoSight LM20 (NanoSight, Amesbury, 

United Kingdom). The software used for capturing and analyzing the data was the NTA 2.0 

Build 127. Thermogravimetric analysis (TGA) was conducted with a Perkin Elmer TGA7. All 

the samples were tested under an air atmosphere from 25 °C to 800 °C at a heating rate of 

10 °C/min.  

Sample vitrification for Cryo-TEM was carried out using an automated vitrification robot 

(FEI Vitrobot™ Mark III). Sample supports, type R2/2 Quantifoil Jena, were purchased from 

Quantifoil Micro Tools GmbH and contained a carbon support film on a copper grid. Prior to 

use the TEM grids were glow discharged by a Cressington 208 carbon coater to render them 

hydrophilic. Cryo-samples were prepared from a 3 µL droplet of sample solution placed on 
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the grid inside the Vitrobot™ chamber at 100% relative humidity and temperature of 20 °C, 

after which it was blotted to remove excess solution and subsequently plunged into liquid 

ethane for vitrification. Imaging performed using a FEI CryoTitan operating at 300 kV and 

equipped with a field emission gun (FEG) using low dose procedures.43 

 

3.2.8 OVA release studies from AEP-MSNs and LB-MSNs 

To study the influence of ionic strength on the release of OVA from AEP-MSNs, 

Phosphate buffer (PB, 1 mM Na2HPO4 and 1 mM NaH2PO4 were mixed at molar ratio of 5:2, 

pH 7.4) with various concentrations of NaCl (0, 0.9, 1.8, 3.6, 7.2, 14.4 and 28.8%, m/v) were 

prepared. OVA loaded AEP-MSNs (1 mg, based on the mass of AEP-MSNs) were dispersed 

in one of the buffers (1 mL) mentioned above. The suspensions were kept in the Eppendorf 

mixer for 0.5 h (400 rpm, 37 °C) and followed by centrifugation (9000 g, 5 min) to collect the 

supernatant. The amount of released OVA in the buffer was quantified by measuring the 

intrinsic fluorescence intensity of OVA with a Tecan M1000 plate reader. The released OVA 

in PB with 0.9, 1.8 and 3.6% NaCl was also tested by high pressure size-exclusion 

chromatography (HP-SEC). Far-UV circular dichroism (CD) spectra of OVA before and after 

release were measured by using a Jasco J-815 spectropolarimeter. Spectra were collected from 

260 – 190 nm, at 25 °C.  

To compare the in vitro release of OVA from AEP-MSNs and LB-MSNs, OVA loaded 

AEP-MSNs and LB-MSNs were dispersed in PBS (pH 7.4) and incubated in the Eppendorf 

mixer (400 rpm, 37 °C). At various time points, the suspensions were centrifuged and the 

supernatants were replaced with fresh PBS. The amount of OVA released into the supernatant 

was determined by measuring the intrinsic fluorescence intensity of OVA on a Tecan M1000 

plate reader.  

 

3.2.9 Modification of silicon microneedle arrays to obtain pH-sensitive surface 

To coat negatively charged particles onto silicon microneedle arrays, the microneedles 

were chemically modified to obtain a pH sensitive surface (positively charged at pH 5.8) by 

using pyridine groups, as described previously.44 The surface of silicon was first cleaned by 

acetone and methanol. Next the surfaces were hydroxylated by a fresh piranha mixture 

consisting of 30 % (v/v) H2O2 and 70 % (v/v) H2SO4. Then the surface was incubated with 2 % 

(v/v) APTES in toluene overnight at room temperature to obtain the amine modified silicon 

surface. 
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The amine modified surface was modified with 4-pyridinecarboxaldehyde (100 mM) in 

anhydrous isopropanol with acetic acid (1%, v/v) at room temperature. The obtained imine 

bonds on pyridine-modified surface were reduced to a secondary amine by incubating in 

NaBH3CN (50 mM) in isopropanol for 2 h. Finally the modified surface was cleaned with 

isopropanol and methanol and dried in a vacuum oven at 50 °C for 0.5 h.  

 

3.2.10 Coating of LB-MSNs on pH-sensitive microneedle arrays 

To determine the level of binding of LB-MSNs on the microneedle arrays, DOPE-LR 

was added to the lipids when the LB-MSNs were prepared. The top of the microneedle arrays 

was incubated with LB-MSNs (50 µl) with a concentration of 0.1, 0.5 and 1 mg/mL in EDTA 

buffer (1 mM, pH 5.8) for 2 h at room temperature. The microneedles were then washed with 

coating buffer (450 µl) and the solution was kept for measurement. The binding efficiency of 

LB-MSNs was determined by comparing the DOPE-LR concentration in the coating solution 

before and after coating by using a Tecan M1000 plate reader (Excitation wavelength = 575 

nm and Emission wavelength = 590 nm). The structure, geometry and the surface morphology 

of the LB-MSNs coated pH-sensitive microneedle arrays were examined by scanning electron 

microscopy (SEM) in a FEI NOVA nanoSEM 200. The LB-MSNs coated on microneedle 

arrays were also visualized by Nikon D-Eclipse C1 confocal laser scanning microscope 

(CLSM) with a depth resolution of 5 µm/step, equipped with a 10 × Plan Apo objective. The 

x and y resolution was 2.5 µm. An argon laser (488 nm) was used to visualize OVA-AF488 

with a 530/55 emission filter and a diode-pumped solid-state laser (561 nm) with a 590/55 

emission filter was used to visualize DOPE-LR.  

 

3.2.11 Delivery of LB-MSNs from microneedles into ex vixo human skin 

After coated with LB-MSNs, the pH-sensitive microneedles were pierced into abdomen 

human skin, which was used within 24 h after cosmetic surgery from a local hospital. The 

microneedles were applied into the skin by an impact-insertion applicator with a velocity of 

54.8 cm/sec as described previously.8 After 1 second, the applicator was removed and the 

microneedles were kept inside the skin for 30 min. Then the microneedles were removed and 

the skin was visualized by Nikon D-Eclipse C1 CLSM with a depth resolution of 5 µm/step, 

equipped with a 4 × Plan Apo objective. The x and y resolution was 6.3 µm. An argon laser 

(488 nm) was used to visualize OVA-AF488 with a 530/55 emission filter and a diode-

pumped solid-state laser (561 nm) with a 590/55 emission filter was used to visualize DOPE-

LR. 
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3.2.12 Statistical analysis 

All data shown are mean corrected values ± SD of at least three experiments. 

 

3.3 Results and discussion 

For the efficient dermal delivery of proteins, nanoparticles are required that are small 

(diameter < 200 nm) and with large pores (inner diameter > 5 nm) in order to encapsulate 

large amounts of proteins. Most nanosized mesoporous silica nanoparticles do not fit these 

criteria and only recently some examples have emerged, mainly for the delivery of 

DNA/RNA.35, 45-50 Therefore we synthesized a new type of large pore MSNs in order to 

encapsulate proteins with high efficiency. The MSNs were synthesized from the silica 

precursor tetraethoxy silane (TEOS) by using a mixture of a nonionic triblock copolymer 

(Pluronic P-123) and the cationic fluorocarbon surfactant (FC-4) as organic templates. 

Furthermore the swelling agent 1,3,5-trimethylbenzene (TMB) was added to induce the 

formation of large-pore MSNs.38 The obtained pristine MSNs were modified with 3-[2-(2-

aminoethylamino)ethylamino] propyltrimethoxysilane (AEPTMS) in order to create a 

positively charged surface (AEP-MSNs). Inspection with transmission electron microscopy 

(TEM) revealed that the prepared negatively charged MSNs were rectangular in shape with 

mesochannels along the short axis (Figure 3.1a). Modification with AEPTMS did not alter the 

morphology and mesostructure (Figure 3.1b), as compared to pristine MSNs. Furthermore, 

characterization with N2 adsorption-desorption isotherms of both MSNs and AEP-MSNs 

showed that these nanoparticles have typical IV isotherms according to International Union of 

Pure and Applied Chemistry (IUPAC) classification (Figure 3.1c).51 The existence of channel-

type of mesopores was confirmed by the observed existence of a type-H1 hysteresis loop 

(Figure 3.1c).52 The values for Brunauer-Emmett-Teller (BET) specific surface area (SBET), 

the total pore volume (Vt), Barrett-Joyner-Halenda (BJH) pore diameter (WBJH) and surface 

charge of MSNs and AEP-MSNs are summarized in Table 3.1.  
Table 3.1 Physical characteristics of MSNs and AEP-MSNs 

Sample 
BET surface area 

(m2/g) 

Pore volume 

(cm3/g) 
Pore diameter (nm)a 

Zeta-potential 

(mV)b 

MSNs 506 1.01 10 ± 1 -27.8 ± 0.4 

AEP-MSNs 318 0.71 9 ± 1 10.9 ± 0.5 
aCalculated from desorption branch of the N2 sorption isotherms based on the BJH method. 
bZeta-potential was measured in 1 mM PB at pH 7.4. 
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It can be seen that after modification with AEPTMS, SBET, Vt and WBJH were slightly 

reduced because of the attachment of the functionalized silanes on the pore surface. The pore 

diameter of the AEP-MSNs was 1-2 nm smaller than that of MSNs (Figure 3.1c inset), but 

still sufficiently large to accommodate OVA (4 × 5 × 7 nm).33 Dynamic light scattering (DLS) 

measurements showed that the hydrodynamic diameter of MSNs and AEP-MSNs was 146.3 ± 

0.3 nm and 213.7 ± 0.8 nm with a low polydispersity index (PDI), respectively (Figure 3.1d). 

The observed increase in Z-average size for AEP-MSNs may be attributed to some particle 

aggregation, which is probably due to the decreased charge repulsion among AEP-MSNs 

compared to MSNs (Table 3.1). 

 
Figure 3.1 Characterization of the MSNs and AEP-MSNs. TEM images of (a) MSNs and (b) 

AEP-MSNs. Scale bar = 200 nm. (c) Nitrogen adsorption-desorption isotherms and plots of 

pore diameter vs. pore volume (inset), calculated from the desorption isotherms using BJH 

model, show that the MSNs and AEP-MSNs have an average pore diameter of 10 nm and 9 

nm, respectively. (d) Hydrodynamic diameter of MSNs and AEP-MSNs according to DLS. 
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The percentage of graft amine-containing groups on the surface of AEP-MSNs was 6.9%, 

as determined by thermogravimetric analysis (TGA, see Figure 3.2a). The encapsulation 

efficiency (EE%), defined as the percentage of the protein OVA which is adsorbed in the 

MSNs or AEP-MSNs was determined as a function of incubation time (Figure 3.2b). This 

study revealed that the OVA encapsulation within AEP-MSNs was very efficient, as 94.83 ± 

0.38% (mean ± SD, n = 3) of the protein was encapsulated in the AEP-MSNs. Furthermore, 

equilibrium of OVA encapsulation was reached in less than 5 min. In comparison, only 11.70 

± 2.23% (mean ± SD, n = 3) of OVA was encapsulated in negatively charged MSNs after 24 

h. The loading capacity (LC%) of OVA was calculated from the amount of OVA 

encapsulated in AEP-MSNs and expressed as the percentage of the total weight of OVA 

loaded AEP-MSNs. The LC% of OVA in AEP-MSNs was dependent on the initial 

concentration of OVA (Figure 3.2c). The maximum LC% was about 33.94 ± 3.64% (mean ± 

SD, n = 3) by increasing the initial concentration of OVA, indicating a diffusion-driven 

encapsulation process.53  

 
Figure 3.2 (a) Thermogravimetric analysis (TGA) curves of MSNs and AEP-MSNs. (b) 

Encapsulation kinetics of OVA into MSNs and AEP-MSNs, concentration of OVA is 0.5 

mg/mL and MSNs (AEP-MSNs) is 2 mg/mL. (c) Loading capacity (LC%) of OVA into AEP-

MSNs at different initial concentration of OVA. (d) Influence of ionic strength on OVA release 
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from AEP-MSNs. (e) HP-SEC chromatograms of the released OVA from AEP-MSNs. (f) OVA 

release profiles of OVA from AEP-MSNs and LB-MSNs in PBS (pH 7.4). 

 

To examine the influence of ionic strength of the medium on the release profile of OVA 

from the AEP-MSNs, the concentration of NaCl in the buffer was varied. The release 

percentage of OVA (defined as the percentage of OVA released from total encapsulated OVA 

in AEP-MSNs) increased from 0.64 ± 0.16% (mean ± SD, n=3) in NaCl-free buffer to 82.40 ± 

1.84% (mean ± SD, n = 3) in the buffer containing 7.2% NaCl (Figure 3.2d). These results 

demonstrate that the ionic strength of the medium plays an important role in the release of 

OVA, indicating that the interaction between OVA and AEP-MSNs is mainly of electrostatic 

nature. The structural integrity of the released OVA was examined by high pressure size-

exclusion chromatography (HP-SEC), showing that the released OVA was mainly monomeric 

(Figure 3.2e), and far-UV circular dichroism (CD) spectroscopy, indicating that the secondary 

structure of released protein was similar to that of native OVA (Figure 3.S1). These results 

strongly indicate that encapsulation and release have no adverse effect on the protein structure. 

The OVA-loaded AEP-MSNs had the tendency to precipitate and to form large 

aggregates, probably due to the decreased surface charge upon protein encapsulation (-8.1 ± 

1.3 mV, mean ± SD, n = 3). In order to increase the colloidal stability, the OVA-loaded AEP-

MSNs were therefore stabilized with a lipid bilayer composed of 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS) and 

cholesterol. For this, liposomes and OVA-loaded AEP-MSNs were mixed and equilibrated for 

1.5 h and afterwards the excess of lipids was removed by centrifugation. The encapsulation 

efficiency of OVA in the resulting lipid coated AEP-MSNs (LB-MSNs) was determined to be 

73.83 ± 0.74%, as compared to 98.88 ± 0.52% without lipid (mean ± SD, n = 3). The obtained 

LB-MSNs were characterized by dynamic light scattering (DLS), nanoparticle tracking 

analysis (NTA) and TEM. The mean number-based hydrodynamic diameter (176 ± 11 nm, 

mean ± SD, n = 3) measured by NTA (Figure 3.S2) was close to the Z-average hydrodynamic 

diameter (190.7 ± 2.7 nm; PDI = 0.125 ± 0.029; mean ± SD, n = 3) found by DLS (Figure 

3.3a). The existence of a lipid layer surrounding the AEP-MSNs was confirmed by cryoTEM 

(Figure 3.3b,c). The colloidal stability of the formulation was examined by measuring the 

hydrodynamic diameter and zeta-potential of LB-MSNs for one week (Figure 3.S3). LB-

MSNs showed only slight changes in diameter and zeta-potential revealing that the lipid 

bilayer strongly enhances the colloidal stability. The release of OVA from AEP-MSNs and 

LB-MSNs was examined in PBS (pH 7.4) for 32 h (Figure 3.2f). The burst release of OVA 
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from LB-MSNs was less as compared to AEP-MSNs, indicating that the lipid bilayer acts as a 

barrier retaining the OVA longer inside the AEP-MSNs.  

 
Figure 3.3 (a) Hydrodynamic diameter of LB-MSNs determined by DLS. (b) Cryogenic TEM 

image of LB-MSNs, scale bar = 20 nm, (c) revealing a lipid bilayer thickness of ~4 nm, scale 

bar = 100 nm. (d-f) SEM images of pyridine-modified microneedle arrays before the 

adsorption of LB-MSNs with different magnifications (d: 80 ×; e: 2000 ×; f: 5000 ×). (g-i) 

SEM images of pyridine-modified microneedle arrays after the adsorption of LB-MSNs with 

different magnifications (g: 80 ×; h: 2000 ×; i: 5000 ×).  

 

Next, we investigated whether the LB-MSNs could be adsorbed to a silicon microneedle 

array via physical adsorption. First, the pH-sensitive pyridine-modified microneedle arrays 

were prepared as described previously.8 LB-MSNs were coated onto these microneedle arrays 

at pH 5.8 in an ethylenediaminetetraacetic acid (EDTA) buffer (1 mM). At this pH more than 

90% of the pyridine groups are positively charged.8 Combined with the low ionic strength of 

the buffer, this allows for the binding of the negatively charged LB-MSNs via electrostatic 
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interactions. To determine the optimal concentration of LB-MSNs for the coating process, the 

nanoparticle concentration was varied in the buffered coating solution. Increasing the LB-

MSN concentration resulted in increased amounts of LB-MSNs coated onto the microneedle 

array surfaces. However, the coating efficiency is reduced (Table 3.2). The lowest coating 

efficiency obtained was 15.82 ± 2.67 % (mean ± SD, n = 3), corresponding to 7.91 ± 1.34 μg 

(mean ± SD, n = 3) and 1.45 ± 0.24 μg (mean ± SD, n = 3) of LB-MSNs and OVA, 

respectively coated on the microneedles. Considering the surface area of the microneedles 

accounts for 40% of the total surface area of microneedle arrays, 3.16 ± 0.54 μg (mean ± SD, 

n = 3) of nanoparticles and 0.58 ± 0.10 μg (mean ± SD, n = 3) of OVA were coated onto the 

microneedle surface of one array. 
Table 3.2 Coating amount of LB-MSNs and OVA on microneedle arrays 

Amount of LB-MSNsa (µg) Coated LB-MSNs (µg) Coated OVAb (µg) 
Coating efficiency 

(%) 

5 1.33 ± 0.18 0.24 ± 0.03 26.58 ± 2.91 

25 5.39 ± 1.70 0.99 ± 0.31 21.56 ± 6.79 

50 7.91 ± 1.34 1.45 ± 0.24 15.82 ± 2.67 
aThe amount of LB-MSNs in coating solution; bThe amount of coated OVA was calculated from the 

loading capacity of OVA and the coating amount of LB-MSNs. All the coating amounts are expressed 

as the amount of AEP-MSNs and are based on one microneedle array which contains 576 needles per 

array. All the results are based on 3 independent microneedle arrays.  

 

Scanning electron microscopy (SEM) imaging was used to visualize the presence of the 

LB-MSNs on the pyridine modified microneedle arrays (Figure 3.3d-i). Compared to 

untreated pyridine-modified arrays (Figure 3.3d-f), a high number of nanoparticles were 

observed on the surface of the microneedles (Figure 3.3g-i) after coating with LB-MSNs. To 

determine whether the OVA and nanoparticles colocalized on the microneedles, the LB-

MSNs coated microneedles were visualized by confocal laser scanning microscopy (CLSM). 

For this experiment, we used Alexa Fluor®488 labeled ovalbumin (OVA-AF488) and 1,2-

dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium 

salt) (DOPE-LR) enabling the visualization of both the protein and lipids. Imaging revealed 

that the fluorescent labels were both located at the microneedle surfaces indicative of the 

integrity of the LB-MSNs upon physical adsorption (Figure 3.4a-c). This showed us that LB-

MSNs could be immobilized onto microneedles via electrostatic interaction. 
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Figure 3.4 Confocal laser scanning microscopy (CLSM) images of LB-MSN coated 

microneedles (a-c). Red: DOPE-LR (a); Green: OVA-AF488 (b); Merged (c). The x and y 

arrows show that the scanning area is 1200 μm × 1200 μm large. The z arrow indicates the 

scanning depth of 200 μm. CLSM images after removal of the LB-MSN coated microneedle 

arrays (d-f). Red: DOPE-LR (d); Green: OVA-AF488 (e); Merged (f). The x and y arrows 

show that the scanning area is 3180 μm × 3180 μm large. The z arrow indicates the scanning 

depth of 280 μm. 

 

Next, the delivery of LB-MSNs from the surface of microneedles into the skin was 

studied. For this, the nanoparticle-coated microneedle arrays were applied onto human skin ex 

vivo for 30 min and subsequently withdrawn. Next the intradermal delivery was studied, 

colocalization of the fluorescence from both OVA-AF488 and DOPE-LR was observed inside 

the skin (Figure 3.4d-f), illustrating that the microneedles penetrated into the skin and 

successfully delivered the LB-MSNs.  
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3.4 Conclusion 

LB-MSNs based nanoparticles with large (10 nm) pores represent a novel biocompatible 

carrier for dermal antigen delivery. The large pores enabled the rapid encapsulation of OVA 

with a high loading capacity. The introduction of lipid bilayers significantly improved the 

colloidal stability of OVA loaded AEP-MSNs and concomitantly reduced the premature 

release of OVA. In addition, it enabled the coating of the nanoparticles on the surface of pH-

sensitive microneedle arrays. Application of LB-MSNs coated microneedle arrays into human 

skin (ex vivo) resulted in the successful delivery of the OVA loaded nanoparticles into the 

skin. This is the first example of a microneedle-mediated intradermal delivery system for 

mesoporous nanoparticles, which could be a promising tool to deliver a wide range of 

compounds into the skin. The method is not restricted to the delivery of antigens, but can also 

be used to deliver any compound that can be encapsulated in MSNs like (low-molecular-

weight) drugs, RNA/DNA and proteins.54, 55  
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Supporting Information  

 

 
Figure 3.S1 Far-UV CD spectra of free OVA and OVA released from AEP-MSNs in PBS, pH 

7.4, 25 °C. 
 

 

 
Figure 3.S2 Size distribution of the LB-MSNs determined by nanoparticle tracking analysis 

(NTA). 
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Figure 3.S3 Colloidal stability of LB-MSNs (black curve) and OVA loaded AEP-MSNs (red curve) as 

a function of time, measured in 1 mM PB, pH 7.4. (a) Hydrodynamic diameter and (b) polydispersity 

index (PDI), both determined by DLS (the results of OVA loaded AEP-MSNs do not meet quality 

criteria), and (c) zeta-potential, determined by laser Doppler electrophoresis. 
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Abstract  

Protein delivery into the cytosol of cells is a challenging topic in the field of 

nanomedicine, because cellular uptake and endosomal escape are typically inefficient, 

hampering clinical applications. In this contribution cuboidal mesoporous silica nanoparticles 

(MSNs) containing disk-shaped cavities with a large average pore diameter (10 nm) were 

studied as a protein delivery vehicle. Cytochrome c (cyt. c) was used as a model membrane-

impermeable protein and encapsulated into MSNs (MSNs/cyt. c) with fast kinetics and high 

loading efficiency. To enhance the colloidal stability and to prevent the premature release of 

cyt. c before cellular uptake, the protein loaded MSNs were coated with a fusogenic lipid 

bilayer. Cellular uptake was enhanced by a complementary pair of coiled-coil forming 

lipopeptides, which were incorporated into the lipid bilayer of the MSNs particles and the 

cytoplasmic membrane respectively. Coiled-coil induced membrane fusion led to cytosolic 

delivery of the cyt. c loaded MSNs. Cell uptake inhibition studies with five commonly used 

inhibitors revealed that indeed endocytosis is not the major pathway of uptake, strongly 

suggesting that membrane fusion is the dominant uptake mechanism. In contrast, when one of 

the coiled-coil peptides was omitted the major route of uptake was endocytosis. The release 

and bioactivity of cyt. c inside cells was quantified using a caspase assay. It showed that the 

cells were driven into apoptosis, confirming the cytosolic delivery. This system is suitable for 

delivery of any other protein or other high molecular weight compound due to the large pore 

size of the MSNs and combined with coiled-coil mediated delivery has many potential 

applications in the field of biomedicine and diagnostics. 

 

Keywords: intracellular delivery, lipid bilayers, coiled-coil, apoptosis, nanomedicine, 

mesoporous silica nanoparticles 
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4.1 Introduction 

Intracellular protein delivery holds enormous promise for a range of biomedical 

applications,1 such as cancer therapy,2,3 vaccination and enzyme based therapeutics.4 

However, therapeutic proteins are susceptible to proteolysis and denaturation, limiting their 

efficacy in the body.5,6 Thus, a variety of protein delivery systems have been developed in an 

attempt to solve the delivery problem, such as polymeric nanoparticles,7 hydrogels,8, 9 and 

lipid-based nanoparticles.10, 11 Mesoporous silica nanoparticles (MSNs) have shown to be 

good carriers for a wide variety of biomolecules with varying molecular weight, including 

anticancer drugs, oligonucleotides and proteins.2, 12-21 However, most MSNs used in drug 

delivery studies to date have typically pores with diameters up to 4 nm, thereby limiting their 

use as an efficient carrier for high molecular weight molecules like proteins. As a result, most 

studies show only low loading capacities and since the MSN pores are generally too small, 

offer weak proteolytic protection.22  

Recently our lab developed sub-100nm MSNs with disk-like cavities that have large 

diameter pores (10 nm) able to encapsulate proteins with a wide molecular weight range and 

with high capacity and efficiency. While the use of MSNs as a drug delivery carrier has grown 

exponentially in the last decade, the long-term colloidal stability remains a challenge. 

Especially in in vivo experiments, it is critical that MSNs do not aggregate as this will 

negatively affect the bio-distribution and concomitant delivery of the drug. To enhance the 

colloidal stability lipid bilayer on the outer surface of MSNs have been introduced. This lipid 

bilayer coating also provides protection against enzymatic degradation,23, 24 DNA break-

down25 and antibody neutralization,26 resulting in prolonged retention of attached protein 

activity in vivo as long as the proteins remain immobilized within the MSNs carriers. Another 

advantage of lipid bilayer coated MSNs is the better control over the cargo release.27, 28 For 

example, Roggers et al. showed that the controlled release of a model compound (fluorescein) 

was dependent on the removal of the lipid bilayer. In this case this was achieved by cleavage 

of the covalently bound lipids from dipalmitoylated MSNs.29  

Lipid bilayers typically used to coat MSNs are composed of cationic lipids like 

DOTAP,25, 30 neutral compounds like DPPC and cholesterol.31 The pathway of cellular uptake 

of these lipid bilayer coated MSNs is via by endocytosis or macropinocytosis, which limits 

the delivery efficiency into the cytosol of cells. To the best of our knowledge, reports about 

the direct cytosolic delivery of MSNs do not exist yet.  
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Recently, we developed a new method to deliver anion transporters into the membrane of 

live cells based on membrane fusion of liposomes with cells.32, 33 Here a complementary pair 

of coiled-coil lipopeptides was used to trigger fusion between liposomes and control targeted 

delivery.34 These peptides, denoted E and K, were conjugated to cholesterol via a small 

polyethylene glycol (PEG) spacer, resulting in CPE and CPK.35-38 When these lipopeptides 

were embedded in the lipid bilayer of liposomes and/or cell membranes respectively, triggered 

membrane fusion with concomitant release of liposome encapsulated cargo was observed.39, 40  

To date, only liposomes with an aqueous core loaded with low molecular weight water 

soluble drugs, anticancer drugs or hydrophobic ion transporters located in the lipid bilayer of 

liposomes were fused with live cells.32 More recently liposomes containing the anticancer 

drug doxorubicin could target modified HeLa cancer cells in a zebrafish xerograft model, 

resulting in targeted cell death.41 Here, we would like to study whether coiled-coil lipopeptide 

mediated membrane fusion could be used to enhance the delivery of protein loaded MSNs 

into cells and to circumvent the endocytic pathway (Figure 4.1a). Cytochrome c (cyt. c) was 

chosen as a model protein as its cytosolic delivery activates the intrinsic apoptotic pathway. 

This allowed us to monitor the efficient uptake and delivery of cyt. c loaded MSNs as well as 

the induction of apoptosis42 by cytosolic release of cyt. c. 

 

4.2 Materials and Methods 

4.2.1 Materials 

Cytochrome c from equine heart, pluronic P123 (EO20PO70EO20), tetraethyl orthosilicate 

(TEOS), HOBT, mesitylene, cholesterol (CHO) and Atto 488 NHS ester were purchased from 

Sigma-Aldrich and used as received. 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-

dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) and 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (ammonium salt) (DOPE-NBD) 

were purchased from Avanti Polar Lipids. Fmoc-protected amino acids were purchased from 

Novabiochem. All other reagents and solvents were obtained at the highest purity available 

from BioSolve or Sigma-Aldrich and used without further purification. 8-wells slide Lab-tek 

was purchased from Thermo Scientific. DMEM medium was obtained from Gibco. WST-1 

was obtained from Serva. PMS-Ome was obtained from Santa Cruz Biotechnology. Apo-

ONE® Homogeneous Caspase-3/7 Assay kit was purchased from Promega. The composition 

of PBS was K2HPO4 (14.99 mM), KH2PO4 (5 mM), and NaCl (150.07 mM) and PB was 

composed of Na2HPO4 (1 mM) and NaH2PO4 (1 mM) at a molar ratio of 5:2. The pH was 7.4. 
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4.2.2 Characterization of MSNs and LB-MSNs 

TEM images were collected by using a JEOL 1010 instrument with an accelerating 

voltage of 70 kV. Nitrogen adsorption-desorption isotherms were obtained with a 

Micromeritics TriStar II 3020 surface area analyzer. Before each measurement, MSNs were 

outgassed in the vacuum (below 0.15 mbar) at 300 °C for 16 h. The specific surface areas 

were calculated from the adsorption data in the low pressure range using the Brunauer-

Emmett-Teller (BET) model.43 The pore size distribution was determined following the 

Barrett-Joyner-Halenda (BJH) model.44 The hydrodynamic size distribution and zeta-potential 

of the samples were measured with a Malvern Nano-zs instrument.  

 

4.2.3 Synthesis of lipopeptides 

Peptides E4 (EIAALEK)4 and K4 (KIAALKE)4 were synthesized on a 250 µmol scale 

using Fmoc chemistry on a CEM peptide synthesizer. Sieber amide resin with a loading of 

0.69 mmol/g was used. Amino acid couplings were performed with 4 eq. of the appropriate 

amino acid, 4 eq. of the activator HCTU and 8 eq. of the base DIPEA. Fmoc deprotection was 

performed with piperidine:NMP (4:6 v/v). N3-PEG4-COOH36 was coupled to the N-terminus 

of the peptide using 4 eq. of DIPEA and 3 eq. of HOBT in DMF for 18 hours. The azido group 

was reduced to NH2 using 8 eq. of trimethylphosphine (1 M in toluene) in a dioxane/H2O 

mixture (4:1 v/v) for 2 h reaction, this reaction was performed twice. In the final step 

cholesteryl-4-amino-4-oxobutanoic acid (2 eq.) was coupled to the PEG4 linker using 5 eq. of 

DIPEA and 4 eq. of PyBOP in DMF for 72 h. The resulting lipopeptides CP4K4 and CP4E4 

were cleaved from the resin with a mixture of TFA/TIS/H2O (95:2.5:2.5 v/v) for 1.5 h. The 

cleavage mixture was precipitated in cold diethyl ether. The precipitate was collected and the 

crude product was purified by HPLC using a C4 column.40  

 

4.2.4 Synthesis of large pore MSNs 

0.5 g of surfactant Pluronic P123 and 1.4 g of FC-4 were dissolved in 80 ml of HCl (0.02 

M), followed by the addition of 0.48 ml of TMB.45 After stirring for 6 h, 2.14 ml of TEOS 

was added dropwise. The resulting mixture was stirred at 30 °C for 24 h and transferred to an 

autoclave at 120 °C for 2 days. Finally, the solid product was isolated by centrifugation 

(13000 rpm, 5 min), washed with ethanol and water. The organic template was completely 

removed by calcination at 550 °C for 5 h in air. 
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4.2.5 Labeling of cytochrome c with Atto 488 NHS Ester 

Cytochrome c (10 mg) was dissolved in 5 ml of sodium carbonate buffer (100 mM, pH 

8). Atto 488 NHS ester was dissolved in DMSO (2 mg/ml), and 0.5 ml of this solution was 

added to the protein solution. The mixture was stirred for 4 h at room temperature. The 

resulting Atto 488-labeled protein was purified by size exclusion chromatography using a 

Sephadex-G25 column, PBS as eluent. 

 

4.2.6 Liposome preparation 

Stock solutions of phospholipids (1 mM) in CHCl3 and CP4E4 (50 µM) in 

CHCl3:CH3OH (1:1) were prepared and stored at −20 °C. The stock solutions were mixed to 

obtain the desired liposome formulation (DOPC: DOPE: CHO = 2:1:1 molar ratio). 

Liposomes were prepared by mixing the appropriate amount of lipids and CP4E4 in a 20 mL 

glass vial and evaporating the solvents to form a lipid film. The film was rehydrated with 1 ml 

of phosphate buffer (1 mM PB, pH 7.4). The solution was vortexed for 30 seconds to form a 

cloudy lipid suspension and sonicated in a water bath at 50 °C for 10 min. The resulting 

liposomes were stored at 4 °C (final lipid concentration was 1 mM) and the hydrodynamic 

diameter as determined by DLS was approximately 100 nm. The final concentration of lipids 

and CP4E4 in each sample used in the cell experiments was 250 µM and 2.5 µM, respectively. 

 

4.2.7 CP4K4 solution 

A CP4K4 stock solution (100 µM) was prepared in CHCl3 : CH3OH (1:1). An appropriate 

amount of CP4K4 stock solution was added in a glass vial and the organic solvent was 

evaporated under a N2 flow. The obtained film was hydrated and diluted by DMEM (+/- FCS, 

w/o phenol red) and sonicated at 55 °C for 1 min. The final concentration of CP4K4 was 5 µM. 

 

4.2.8 Loading Cyt. c into MSNs 

Cytochrome c (cyt. c) solutions with various concentrations (0.25, 0.5, 1, 2 and 4 mg/ml) 

were prepared in phosphate buffer (1 mM, pH 7.4). MSNs (2 mg/ml) were dispersed in the 

same buffer by sonication (10 min). In a typical procedure, 0.5 ml of cyt. c stock solution was 

mixed with 0.5 ml of MSNs and incubated and shaken with  an Eppendorf ThermoMixer for 5 

min (400 rpm, 25 °C). The cyt. c-loaded MSNs were collected by centrifugation (10000 rpm, 

5 min) and separated from non-encapsulated cyt. c, which remained in the supernatant. The 

pellet was resuspended in 1 ml of PB (1 mM, pH 7.4) and the zeta-potential was measured. 

The absorbance of non-encapsulated cyt. c was measured in the supernatant using Greiner 96-
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well flat-bottom transparent in a plate reader (Tecan infinite M1000). A calibration curve was 

determined based on the absorbance at 412 nm46 as a function of cyt. c concentration (0-500 

µg/ml).  

 

4.2.9 Preparation of MSNs/cyt. c@CPE-LBs 

A solution of MSNs/cyt. c (1 mg/ml; 0.5 ml) was transferred into 1 ml of freshly 

prepared CPE liposomes (0.5 ml; [lipid]= 0.1 mM containing 1 mol% CP4E4) and the mixture 

was shaken with a Eppendorf ThermoMixer (25 °C, 400 rpm) for 90 min. And subsequently 

centrifuged at 10000 rpm for 3 min. The supernatant was removed and the pellet was washed 

3 times with 1 ml of PB and 3 times with DMEM (-FCS, -phenol red). The pellet was 

resuspended in DMEM at a final concentration of 1 mg/ml based on the MSNs’ weight.  

 

4.2.10 Cyt. c release profile from MSNs 

The in vitro release of cyt. c from MSNs was determined at 37 °C. Cyt. c loaded MSNs 

with or without a lipid bilayer were suspended in 1 ml of pre-warmed PBS (pH 7.4) or PB 

(pH 7.4) respectively and incubated at 37 °C on an Eppendorf ThermoMixer (400 rpm). 

Supernatants were collected thoroughly by a pipette after centrifugation and 1 ml of fresh 

PBS were added at different time points. The released amount of cyt. c from MSNs at the 

different time points were quantified by measuring the absorption of the Soret band of cyt. c at 

412 nm.5 Each experiment was repeated three times. 

 

4.2.11 Cell culture 

HeLa cells were grown as a monolayer at 37 °C in 7% CO2 atmosphere, and were 

maintained in a continuous logarithmic culture in Dulbecco’s Modified Eagle Medium 

(DMEM) containing phenol red completed with 10% Fetal Calf Serum (FCS), penicillin/ 

streptomycin (100 units/ml, 0.1 mg/ml, respectively), and Glutamax (2 mM). The medium 

was replaced every 3 days and cells were passaged by trypsinization at 70% confluence.  

 

4.2.12 Cell viability assay 

Cells were seeded in a 96 well-plate at a concentration of 1×104 cells per well and 

incubated for 24 h prior to the WST-1 assay. The medium was removed and cells were 

incubated with 100 μL of a CP4K4 (5 μM) solution in medium (w/o phenol red) for 2 h. The 

medium containing CP4K4 was removed after 2 h and the cells were washed three times with 

250 µl of DMEM medium. Next the cells were incubated with 250 µl (1 mM total lipid) lipid 
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coated MSNs containing 1 mol% CP4E4 for 1 h. Next, the lipid coated MSNs were removed 

and fresh medium was added to each well and the plate was incubated at 37 °C to perform a  

WST-1 assay.47 The medium containing WST reagent was removed after 24 h and 200 μl of 

cell proliferation reagent WST-1 in DMEM (w/o phenol red) was added to each well and the 

cells were incubated for 3 h at 37 °C. Absorption was measured (at 450 nm) at room 

temperature using a Tecan Infinite M1000 PRO microplate reader, the cells were shaken for 

60 s prior to each measurement (2 mm linearly, 654 rpm). The Z-position was 12500 μm, and 

the gain was optimized according to the amount of fluorophore in the sample. The metabolic 

activity (cell survival) were normalized with respect to the control (i.e. non-treated cells), 

which was set to 100%. For the control experiments, cells were incubated with MSNs@CPE-

LB, only MSNs or MSNs@LB in the absence of lipopeptides. 

 

4.2.13 Transmission electron microscopy (TEM) 

1×106 HeLa cells per well were seeded on 15 mm thermanox coverslips and fixed with 2 

v% glutaraldehyde in a sodium cacodylate buffer (0.1 M, pH 7.2) for 2 h at room temperature. 

Post fixation was performed with 1% w/v osmium tetroxide in distilled water for 1 h at room 

temperature. The cells were dehydrated through a graded series of ethanol and embedded in 

Agar 100 resin (Agar Scientific, AGR1043) and the sections where cut with a diamond knife 

at a Leica Ultramicrotome. Microscopy images were obtained with a JEOL JEM-1010 

transmission electron microscope with a maximum output voltage up to 80 KV (Tokyo, 

Japan) equipped with an Olympus Megaview camera (Tokyo, Japan). 

 

4.2.14 Confocal imaging 

Cells were grown in an 8-well slide at a density of 2.5×104 cells per well and incubated 

in the DMEM (+FCS, -phenol red) at 37 °C under a 7% CO2 atmosphere. The medium was 

removed after 21 h and a CP4K4 solution (5 µM, 300 µl) was added and incubated for 0.5-2 h 

at 37 °C under a 7% CO2 atmosphere. The CP4K4 solution was removed and the cells were 

washed 3 times with 250 µl fresh DMEM (+FCS, -phenol red), and incubated with cyt. c or 

with CPE4-decorated lipid bilayers coated MSNs loaded with cyt. c (250 µM, 300 µl). After 

15 min of incubation, the cells were washed three times and fluorescent images were acquired 

on Nikon confocal laser scanning microscope. Nikon application suite advanced fluorescence 

software and Image-J was used for image analysis. The wavelength setting for Atto488 

labeled cyt. c was Ex/Em: 501/523 nm (Ex laser: 480 nm), for Hoechst 33342 was Ex/Em: 

361/497 nm (Ex laser: 420 nm). 
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4.2.15 Endocytosis inhibition measurements 

HeLa cells were seeded in a 24-well plate at a density of 1×105 cells per well and 

incubated in DMEM (+10% FCS, -phenol red) medium at 37 °C. The medium was removed 

after 21 h and the cells were incubated with 500 µL of nocodazole (40 µM), wortmannin (0.25 

µM), chlorpromazine (40 µM), genistein (200 µM), or sodium azide 0.01% w/v in DMEM (-

FCS, -phenol red) medium. After 1 h of pre-incubation, the medium was removed and the 

cells were treated with 500 µl of CP4K4 (5 µM) supplemented with the above mentioned 

inhibitors for 2 h, after removed CP4K4 and washing 3 times with medium, followed by the 

addition of 100 µl of MSNs@CPE-LBs (the concentration of MSNs was 1 mg/ml). After 30 

min, liposomes and inhibitors were removed and HeLa cells were washed 3 times by DMEM 

medium. The cells were incubated at 37 °C for 1 h. Next, the cells were detached using 

PBS/EDTA (10 mM EDTA) for 15 min, centrifuged and re-suspended in fresh medium at a 

concentration of  

2×105 cells/ml. The mean fluorescence intensity of Atto 488 of the cells was measured by 

flow cytometry using a Beckman Coulter Quanta SC machine. 

 

4.2.16 Apoptosis assay 

HeLa cells at the density of 1×104 per well in 96-well plate were cultured in DMEM 

(+10% FCS, -phenol red) medium at 37 °C prior to the apoptosis assay. HeLa cells were 

treated a CP4K4 solution at the concentration of 5 µM for 2 h, following CP4K4 was removed, 

cells were washed 3 time with medium and incubated with MSNs/cyt. c@CPE-LB for 0.5 h. 

Next, the cells were washed with 100 µl medium 3 times and incubated at 37 °C with 7% CO2 

for 30 h or 48 h, finally, 100 μl of the Apo-ONE® Homogeneous Caspase-3/7 Assay reagent 

was added for each well and incubated for 3 h. The caspase activity was measured as a 

function of the created fluorescent rhodamine 110, which is released upon the cleavage of the 

non-fluorescent caspase substrate Z-DEVD-R110 (bis-(N-CBZL-aspartyl-L-glutamyl-L-valyl-

L-aspartic acid amide) by caspase 3/7 activity.48 Wavelength settings: Ex/Em: 490/520 nm. 

Measurements were performed as three independent experiments using Greiner 96-well flat-

bottom transparent in a plate reader (Tecan infinite M1000). Statistical analysis was 

performed to calculate average values and standard deviations. 
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4.3 Results and discussion 

We synthesized a new type of cuboidal MSNs featuring a cuboidal-like geometry using a 

mixture of block copolymers (Pluronic P123), a pore expander (1,3,5-trimethylbenzene, 

TMB) and  fluorocarbons (FC-4) as the structure-directing template. The resulting particles 

possess an array of disk-shaped mesochannels along the short axis of the rectangular shaped 

(90 ± 20 nm by lengths, 43 ± 7 nm by widths) MSNs as shown in the transmission electron 

micrographs (TEM) (Figure 4.1b). The nitrogen adsorption-desorption isotherms of MSNs 

exhibited the characteristic type IV isotherms according to International Union of Pure and 

Applied Chemistry (IUPAC) classification49 with a BET surface area of 506 m2/g (Figure 

4.1c). The pore size distribution was measured by the BJH method50 and found to be 10 ± 1 

nm for the majority of MSNs.  

 
Figure 4.1 Schematic illustrating the fusion between cells and lipid bilayer coated MSNs 

driven by coiled-coil formation between CP4K4 and CP4E4. (a) Intracellular delivery 

procedure 1) cyt. c (orange) is encapsulated into MSNs (green); 2) lipid bilayers (light blue) 

are decorated with lipopeptide CPE (red); 3) combining lipid bilayers (LBs) with MSNs/cyt. 
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c; 4) incorporation of CP4K4 (dark blue) into cellular membrane and addition of CPE-coated 

MSNs trigger membrane fusion and delivery of cyt. c into the cytoplasm and 5) observation of 

cell membrane labeling and induction of cellular responses (e.g. apoptosis). (b) TEM image 

of MSNs, scale bar = 200 nm and (c) nitrogen adsorption-desorption isotherms and pore size 

distribution (insert). 

 

We investigated whether this new type of MSNs could be used to transport proteins into 

the cytosol of cells. We chose to use cytochrome c (cyt. c, Mw 12384 Da, geometric size 2.6 × 

3.2 × 3.3 nm) as a model protein. Cyt. c is a small redox protein that is present in the inner 

membrane of mitochondrion and induces apoptosis (programmed cell death) when it is 

released into the cytosol.51 The pore dimensions of our cuboidal MSNs are sufficiently large 

to accommodate cyt. c. and the open disk-shaped mesostructure has a large surface area 

rendering the encapsulation of cyt. c very efficient. Dispersion of as-synthesized MSNs into a 

cyt. c stock solution resulted in a rapid adsorption of the protein inside the disk-like porous 

structure of the MSNs. The amount of absorbed protein was determined by measuring the 

difference in absorption of the Soret band (412 nm) in the supernatant before and after the 

encapsulation (Figure 4.2a).46 Within 5 min an equilibrium in cyt. c adsorption was obtained 

and 95.49 ± 1.63% of cyt. c was encapsulated into the MSNs. The encapsulation capacity of 

MSNs was further investigated by incubating a fixed amount of MSNs (1 mg) with cyt. c at 

increasing concentrations (0.25-4 mg/ml). The maximum cyt. c loading capacity in these 

cuboidal MSNs was determined to be 470 µg/mg MSN (Figure 4.2a, black curve). The 

surface charge of cyt. c loaded MSNs as a function of initial cyt. c concentration was 

determined by measuring the zeta-potential (Figure 4.2a, red curve). When the protein 

concentration (0-1 mg/ml) was increased, the zeta-potential of MSNs/cyt. c tended to become 

neutral and remained around 0 mV at higher concentrations of cyt. c (1-4 mg/ml). When the 

weight ratio between cyt. c and MSNs was 1:8 or 1:4, the encapsulation efficiency (EE%) of 

cyt. c into MSNs was close to 100%, revealing the excellent protein encapsulation potential of 

this new type of cuboidal MSNs. As expected, the EE% decreased as the ratio of cyt. c/MSNs 

increased. Compared to native cyt. c, the encapsulated cyt. c in the MSNs revealed a slight 

broadening of the adsorption peak in the UV-Visible spectrum, but no blue shift was 

observed, suggesting that the interaction between the protein and pore surface did not change 

the structure of cyt. c.52 The absorption maximum of the Soret band remained at 412 nm, 

showing that cyt. c retained its native fold and suffered no conformational change (Figure 

4.S1a).52, 53  
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Next, the in vitro cyt. c release from MSNs was studied at 37 °C by measuring the Soret 

band (412 nm) of cyt. c in the supernatant as a function of time. The cyt. c adsorption is 

mainly driven by electrostatic interaction since cyt. c is positively charged at pH 7.4 while 

MSNs are negatively charged due to the silanol groups on the surface. 46, 54 Therefore, we 

studied the influence of ionic strength on the release profile. For this, MSNs/cyt. c were 

suspended in phosphate buffered saline (PBS, pH 7.4, ionic strength = 270 mM) and 

phosphate buffer (PB, pH 7.4, ionic strength = 12 mM), respectively. Next, the protein release 

as a function of ionic strength was determined over a period of 62 h (Figure 4.S1a). The 

amount of released cyt. c from MSNs was 70.4 ± 1.8% in PBS and only 16.8 ± 1.8% in 1 mM 

PB. At higher ionic strength of the buffer, the electrostatic interactions between cyt. c and 

MSNs are weakened resulting in an increased release of the protein. Thus cyt. c can be loaded 

with high efficiency into MSNs at low ionic strength and subsequently released at conditions 

of high ionic strength, confirming that the electrostatic interaction between cyt. c and MSNs 

contributed highly to the encapsulation and release process. 

 
Figure 4.2 Characterization of MSNs/cyt. c (a) Loading capacity and zeta (ζ)-potential of 

MSNs/cyt. c, with different initial cyt. c concentrations (0.5-4 mg/ml, 1 mM PB, pH 7.4.) (b) 



Membrane Fusion Mediated Intracellular Delivery of Lipid Bilayer Coated Mesoporous Silica Nanoparticles  

83 
 

Dynamic light scattering (DLS) of MSNs and MSNs/cyt. c@CPE-LBs, 1 mM PB, pH 7.4. (c) 

Zeta-potential of MSNs, MSNs/cyt. c, CPE-LBs and MSNs/cyt. c@CPE-LBs (error bars 

represented zeta deviation, 1 mM PB, pH 7.4) and (d) in vitro release profiles of MSNs and 

MSNs/cyt. c@CPE-LBs in PBS, pH 7.4. Error bars show the standard deviation of three 

independent experiments.  

 

The repulsive force between MSNs/cyt. c decreased when more protein was loaded into 

MSNs, as evidenced by the lower zeta-potential. As a result, MSNs/cyt. c tend to form 

aggregates more readily due to the decreasing surface charge. Indeed, dynamic light scattering 

(DLS) measurements revealed that after encapsulation, MSNs/cyt. c tended to aggregate as 

the hydrodynamic diameter increased to >2000 nm. In order to increase the colloidal stability, 

the MSNs/cyt. c were decorated with a lipid bilayer. After introduction of a lipid bilayer 

composed of DOPC, DOPE and Cholesterol (2:1:1 molar ratio,35 the observed diameter by 

dynamic light scattering of the nanoparticles was reduced from ~2 µm to 229 nm 

(polydispersity index, PDI = 0.251) (Figure 4.2b). This lipid composition was chosen as it is 

known to be fusogenic when combined with the complementary lipopeptides CP4E4 and 

CP4K4.40 After loading the MSNs with cyt. c, the zeta-potential shifted from -28.0 to -11.6 

mV. Application of the lipid bilayer onto the exterior surface of these particles resulted in a 

more negative zeta potential (-20.5 mV) (Figure 4.2c). The presence of the lipid bilayer also 

reduced the burst release of cyt. c by a factor of ~1.6 fold as it acts as a barrier55 retaining the 

protein more within the MSNs (Figure 4.2d).  

Previously, we reported that the complementary coiled-coil lipopeptides CP12E3 and 

CP12K3 could be used to dock liposomes at the outer plasma membrane of live cells.56 

Extension of the lipopeptides with one heptad repeat of amino acids (i.e. CP4E4/CP4K4) 

resulted in membrane fusion between liposomes and cells using lipopeptides32, 40 as evidenced 

by the delivery of low molecular weight dyes, anion transporter and the anticancer drug 

doxorubicin. To study the scope of this synthetic fusion system, we now were interested to 

study whether coiled-coil mediated fusion could be used to enhance the intracellular delivery 

of inorganic MSN. To date, MSNs or lipid bilayer coated MSNs are typically taken up by 

endocytosis,14, 29, 55, 57, 58 which can be detrimental to the cargo. By employing coiled-coil 

mediated delivery using CP4E4 and CP4K4, the cellular uptake mechanism might be shifted 

from endocytosis to a direct cytosolic entry via membrane fusion. In order to enhance the 

intracellular delivery of MSNs/cyt. c, a fusogenic lipid bilayer composed of CP4E4 was 

therefore applied. In order to induce fusion, cells were pretreated with CP4K4. Next a 
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suspension containing CP4E4-lipid bilayer coated MSNs/cyt. c was added to the cells and 

incubated for 30 min. A cell viability assay demonstrated that CP4E4 / CP4K4, lipid bilayer 

coated MSNs with or without CP4K4 are well tolerated by HeLa cells after a 24 h post-

treatment (Figure 4.S2). Confocal microscopy imaging revealed that the cytosol became 

fluorescent, indicative of the efficient delivery of Atto488-labeled cyt. c inside the cytosol 

(Figure 4.3a). In contrast, when one or both of the lipopeptides were omitted, and thus coiled-

coil mediated fusion cannot occur, only a very limited cellular uptake of cyt. c was observed 

(Figure 4.S3). Furthermore, the incubation of cells with Atto488-labeled cyt. c alone did not 

result in any cellular uptake, revealing that the water-soluble protein cannot enter the cell by 

transient membrane destabilization or endocytosis. In contrast, by applying the coiled-coil 

mediated fusion system, cyt. c could be efficiently delivered to the cytosolic within 30 min. 

 
Figure 4.3 Intracellular delivery of cyt. c by MSNs@CPE-LBs. (a-c) Confocal images 

showing: (a) location of Atto488 labeled cyt. c, (b) cell nuclei stained by Hoechst and (c) 

overlay, scale bar = 25 μm. TEM images of (d) delivered MSNs/cyt. c@CPE-LBs into CP4K4 

pretreated HeLa cells. Scale bar = 2 µm, (e) magnification showing details of cell organelles’ 

structures, such as rough ER and mitochondria, scale bar = 500 nm.  
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To obtain more details on the intracellular location of the MSNs upon CP4K4 / CP4E4 

mediated delivery, we sectioned the cells. TEM imaging revealed the different stages of the 

intracellular uptake processes in HeLa cells. A fraction of the MSNs was still outside of the 

cell, some were entering into the cytoplasm and others had already entered the cytosol (Figure 

4.3d). The MSNs were located close to mitochondria and rough ER and seemed to be 

aggregated (Figure 4.3e). A possible explanation might be that upon the delivery into the cells, 

the MSNs lose their lipid bilayers and bare MSNs are known for their tendency to aggregate. 

Strikingly, no membrane was observed around the aggregated MSNs, suggesting that the 

nanoparticles were not captured in endosomes or lysosomes. In comparison, the cell uptake 

efficiency of bare MSNs is relatively low (Figure 4.S3c). More importantly, in the control 

experiment the MSNs were located in early endosomal compartments as evidenced by the 

presence of a membrane bilayer (Figure 4.S4). These results show that coiled-coil driven 

membrane fusion enhances the cellular uptake.14 

 

Figure 4.4 Mechanistic cellular uptake study. Intracellular uptake of a lipid bilayer coated 

MSNs in the presence of endocytosis/micropinocytosis inhibitors. (a) Coiled-coil mediated 

cellular uptake of cyt. c and (b) control experiment in which CP4K4 was omitted, only 

MSNs@CPE-LBs were tested with endocytosis and micropinocytosis inhibitors. Ctrl+ = 

HeLa cells incubated with PBS; Noc = Nocodazole; Chl = Chlorpromazine; Gen = 

Genistein; Wor =Wortmannin; NaN3 = Sodium azide. Error bars show the standard deviation 

of three independent experiments. 

 

To gain insight in the cellular uptake pathways, we repeated the lipid bilayer coated 

MSNs delivery in the presence of several well-known inhibitors using flow cytometry 

measurements (FACS) and confocal microscopy imaging. In this study, wortmannin was used 

as a micropinocytosis inhibitor as it blocks PI3-kinase59-62 while genistein inhibits tyrosine-
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phosphorylation of Cav 1 and caveolin-dependent endocytosis.63-65 Furthermore, 

chlorpromazine was used as it blocks clathrin-dependent endocytosis,66-68 and microtubule 

formation was inhibited by nocodazole. Uptake studies in the presence of these inhibitors will 

yield information on the intracellular trafficking and internalization mechanisms involved in 

the uptake of the lipid bilayer coated MSNs.61, 62, 68-70 Finally, as endocytosis of nanoparticles 

is an energy-dependent process, sodium azide was used to deplete the energy demands for 

endocytosis and thus restrict metabolic activity.71, 72  

HeLa cells were pre-incubated for 1 h with the above-mentioned inhibitors. After 

removal of the medium, the cells were treated with CP4K4 (5 µM) for 2 h and subsequently 

MSNs@CPE-LBs were added in the presence of freshly added inhibitors in the medium. 

FACS analysis revealed that genistein, wortmannin and nocodazole had no adverse effect on 

the delivery of fluorescently labeled cyt. c (Figure 4.4a), whereas in the presence of 

chlorpromazine and sodium azide, uptake of nanoparticles containing cyt. c was slightly 

lowered to 90% as compared to cyt. c uptake in the absence of inhibitors. To further study the 

role of coiled-coil formation in the mechanism of cellular uptake, we omitted the CP4K4 

pretreatment of HeLa cells in a control experiment and added the MSNs/cyt.c@CPE-LBs 

directly to the cells. In the absence of inhibitors, the cyt. c uptake was already lowered to 

60%, revealing the importance of coiled-coils for the efficient cellular uptake of the 

nanoparticles. In the presence of chlorpromazine and sodium azide, the uptake was sharply 

reduced to 10% (Figure 4.4b), which is in strong contrast with the previous experiments when 

CP4K4 was present, enabling coiled-coil mediated uptake (Figure 4.4a). This indicates that the 

nanoparticles are most likely taken up by a clathrin-dependent endocytosis pathway in the 

control experiment. Combining these inhibition studies indicated the dominant pathway for 

coiled-coil mediated MSNs delivery is most likely via membrane fusion between lipid bilayer 

coated MSNs and the cell membrane. In contrast, when coiled-coil formation cannot occur, 

the dominant but less efficient route of cellular uptake is via endocytosis. 
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Figure 4.5 Cytoplasmic cyt. c delivery induces apoptosis. (a) Percentage of apoptotic cells as 

measured by caspase activity, after 30 h and 48 h. Image of HeLa cells treated with (b) cyt. c 

and (c) MSNs/cyt. c@CPE-LBs where coiled-coil formation. HeLa cells were incubated with 

CP4K4 for 1 h, then with MSNs/cyt. c@CPE-LBs for 0.5 h. Caspase activity was determined 

after 30 h and 48 h. Error bars are standard deviation of three independent experiments. 

Scale bar =25 µm. 

 

It is well-known cyt. c in the cytosol triggers caspase activation,73-75 which ultimately 

results in apoptosis of the cell.51, 76 Coiled-coil mediated delivery and bioactivity of cyt. c via 

MSNs/cyt. c@CPE-LBs resulted in 60% of apoptosis after 48 h (Figure 4.5a), while free cyt. 

c induced only minor apoptosis (10%). The morphological changes of apoptotic HeLa cells 

versus healthy cells upon cyt. c delivery were evident (Figure 4.5b,c). In control experiments 

where one or both of the lipopeptides were omitted only minimal levels of apoptosis (˂ 10%) 

were observed, revealing that coiled-coil mediated delivery of MSNs@LBs is more efficient 

when compared to delivery via endocytic pathways (Figure 4.S5). 

  

 4.4 Conclusion 

In conclusion we have developed MSNs with a high loading capacity for cyt. c due to 

their large disc-shaped cavities. The introduction of a lipid bilayer at the MSNs outer surface 

improved the colloidal stability and lowered the initial burst release of cyt. c. The cellular 

uptake of the MSNs resulting in cytosolic delivery of cyt. c was significantly enhanced by 

coiled-coil mediated membrane fusion. As a result, direct cytosolic delivery of cyt. c was 
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achieved while uptake via endocytosis was minimized. The uptake pathway and localization 

of MSNs/cyt. c in HeLa cells were confirmed by TEM and confocal imaging, and release of 

functional cyt. c was demonstrated by its ability to trigger apoptosis. We believe that our 

coiled-coil based system is suitable for delivery of other proteins or high molecular weight 

compounds due to the large pore size of the MSNs. This method will also enable the delivery 

of any other (in)organic nanoparticles as long as it can be encapsulated in a fusogenic lipid 

bilayer. Therefore it may have applications in the field of biomedicine and diagnostics.  
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Supporting Information 

 

 
Figure 4.S1 (a) UV-Visible adsorption spectra of free cyt. c and MSNs/cyt. c in 1 mM, pH 7.4. 

(b) Release profiles of MSNs/cyt. c in 1 mM PB and PBS, pH 7.4, 37 °C. Error bars show the 

standard deviation of three independent experiments.  
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Figure 4.S2 Cell viability by WST-1 of HeLa cells exposed to MSNs, MSNs@LBs with lipid 

composition of DOPC:DOPE:CHO (2:1:1), MSNs@CPE-LBs, CP4K4 and combinations 

thereof. Metabolic activity of untreated cells is 100%. Final concentrations: MSNs: 40 µg/ml, 

total lipids; 0.25 mM; CP4K4, CPE: 5 µM. Error bars show the standard deviation of three 

independent experiments. 
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Figure 4.S3 Delivery of cyt. c by MSNs@LBs is dependent on coiled-coil formation between 

CP4K4 and CP4E4. Confocal microscopy images of HeLa cells. Cells were pre-incubated with 

CP4K4 (b, c) or medium (a) for 2 h, followed by incubation with MSNs/cyt. c@LBs coated 

with peptide CPE (a) or no lipopeptide coating (b) and LBs coating (c) for 30 min. Images 

were taken after washing the cells several times with medium. Left panels: Atto 488 labeled 

cyt. c. Right panels: Hoechst staining. The final concentration of MSNs was 40 μg/ml. Scale 

bar = 25 μm. 
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Figure 4.S4 TEM images of HeLa cells. a) HeLa Cells were treated with bare MSNs for 0.5 

h, after 3 times washing by medium, TEM images were taken. b) Magnification showing 

details of delivery, such as endosomal/lysosomal membrane. 
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Figure 4.S5 Apoptosis induced by MSNs/cyt. c@LBs in the absence of coiled-coil formation. 

a) HeLa cells were incubated with free cyt.c (purple bars), CP4K4 and MSNs/cyt.c @LBs 

(blue bars), or only MSNs/cyt. c@CPE-LBs (yellow bars). After several washing steps with 

medium apoptosis was assayed 30 h or 48 h later as described before. b) CP4K4 pre-treated 

cells incubated with MSNs/cyt.c@LBs. c) HeLa cells incubated with MSNs/cyt.c@CPE-LBs 

after 30 h treatment. Apoptotic cells are rarely seen in b and c. Error bars show the standard 

deviation of three independent experiments. Scale bar = 25 µm.  
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Abstract 

Hemoglobin (Hb)-loaded mesoporous silica nanoparticles (MSNs) coated with a lipid 

bilayer (LB-MSNs) were investigated as an erythrocyte mimic. MSNs with a large average 

pore size (10 nm) act as a rigid core and provide a protective environment for Hb 

encapsulated inside the pores. The colloidal stability of Hb-loaded MSNs was enhanced upon 

the application of a lipid bilayer, through fusion of PEGylated liposomes onto the exterior 

surface of Hb-loaded MSNs. The morphology and mesostructure of the MSNs were 

characterized by scanning electron microscopy (SEM), transmission electron microscopy 

(TEM) and surface area analysis. The Hb loading capacity (LC%) in MSNs was studied by 

thermogravimetric analysis (TGA). UV-Visible absorption spectroscopy revealed that Hb 

inside MSNs had an identical, but slightly broadened peak in the Soret region compared to 

free Hb. Furthermore the encapsulated Hb exhibits similar peroxidase-like activity in 

catalyzing the oxidation of 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) 

diammonium salt (ABTS) with hydrogen peroxide. The introduction of a supported lipid 

bilayer (LB) demonstrated the potential to prevent premature Hb release and increased the 

colloidal stability of the Hb-loaded MSNs. The in vivo systemic circulation and 

biodistribution of LB-MSNs were studied in optically transparent zebrafish embryos, 

revealing that LB-MSNs have the potential to act as an erythrocyte mimic. 

 

Keywords: mesoporous silica nanoparticles, hemoglobin, lipid bilayer, zebrafish embryos, 

erythrocyte mimic  
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5.1 Introduction 

Due to the shortage of blood donations and the risks associated with allogenic donor 

blood transfusion, such as virus infection, and unmatched blood types, artificial red blood cell 

(RBC) substitutes have been investigated intensively during the past decades.1-3 To mimic and 

fulfil some functions of RBCs, there are two main types of artificial RBC substitute in 

development.2, 4 Apart from perfluorocarbon emulsion-based substitutes,5 hemoglobin (Hb, 

6.5 × 5.4 × 5.5 nm, Mw 64500)-based oxygen carriers (HBOC) have attracted increasing 

attention.6 Hb is the essential oxygen carrying protein in erythrocytes.7 Pioneering work was 

performed with stroma-free Hb,2, 8-11 which unfortunately was unsuitable because it induces 

side effects such as vasoconstriction and renal toxicity in mammals.12-14 Therefore several 

approaches have been explored to overcome these challenges, including nanocarriers such as 

lipid vesicles14 and biodegradable polymers.12 The emerged focus on the encapsulation of Hb 

into nanosized carriers15 is because nanoparticle-based erythrocyte mimics offer several 

distinct advantages, including 1) prevention of vasoconstriction, 2) avoidance of renal toxicity, 

and 3) the protection of Hb from degradation in bodily fluids to prolong the circulation time.12  

Liposome-based carriers of Hb are one of the most important HBOC formulations and 

have been widely studied.14-16 Liposome-encapsulated Hb with a size of 250 nm have been 

proved its safety and the elimination of vasoconstriction.15, 17 However, plain liposomes are 

fragile and easily deform when exposed to fluid shear stresses.14 Many strategies have been 

investigated to increase the liposome’s mechanical strength, like using solid silica 

nanoparticle (diameter ~10 nm) as core for a rigid support,7 introducing an actin matrix inside 

the aqueous core of submicron liposomes.7, 14 Mesoporous silica nanoparticles (MSNs) can be 

used as protein delivery carriers due to their unique properties, namely biocompatibility, 

chemical inertness, large surface area and controllable pore size.18-21 Inspired by nature, 

Brinker and others reported a versatile nanocarrier that synergistically integrates the 

advantages of liposomes with MSNs, resulting in lipid bilayer (LB) coated MSNs with a so-

called “protocell” structure (Scheme 5.1).18-20, 22-24 The electrostatic interaction of zwitterionic 

liposomes with the negatively charged MSNs surface, results in vesicle rupture and 

concomitant bilayer formation. As a result, the MSNs pores are sealed and entrapped the drug 

of interest inside the MSNs.18, 19, 22, 25 Furthermore, the lipid bilayer act as an immune-

isolative barrier, which can prevent recognition by the reticuloendothelial system and as a 

result enhance the circulation time.26 Recently, nanosized-MSNs with large pore diameters 

(10 nm) and therefore capable of accommodating Hb inside have been developed in our group. 
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To increase the colloidal stability under physiological conditions and biocompatibility, a lipid 

bilayer was applied (LB-MSNs).27 In addition, the charge-neutral highly hydrophilic polymer 

polyethylene glycol (PEG) was incorporated in the lipid bilayer to induce stealth-like 

behavior.14, 28 

 
Scheme 5.1 Procedure for the formation of LB-MSNs. (a) Encapsulation of Hb into the MSNs, 

followed by fusion of (b) liposome (composed of DOPC/DOPE/PEG2000PE), resulting in (c) 

LB-MSNs (i.e. protocell). 
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Herein, we demonstrate a facile method to prepare liposome encapsulated Hb-loaded 

MSNs (LB-MSNs) as a potential oxygen carrier. MSNs with a 10 nm channel diameter are 

used to accommodate Hb. To improve the colloidal stability of these Hb-loaded MSNs, a 

supported lipid bilayer was introduced to decorate the outer surface of Hb-loaded MSNs 

resulting in a core-shell structure. The preparation of these nanoparticles is schematically 

illustrated in Scheme 1. The presence of a lipid bilayer lowers the premature release of Hb. 

Circulation and distribution studies were performed in zebrafish embryos in order to 

investigate the in vivo behavior of the these lipid bilayer coated MSNs. 

 

5.2 Experimental Section 

5.2.1 Materials 

Bovine hemoglobin (Hb, Mw~64500), Pluronic P123 (EO20PO70EO20, Mn~5800), tetraethyl 

orthosilicate (TEOS, ≥98%), hydrochloric acid (HCl), 1,3,5-trimethylbenzene (TMB), 2’,2’-

azino-bis (3-ethylbenzothiazoline-6-sulfonic) acid (ABTS) and fluorescein isothiocyanate 

were purchased from Sigma-Aldrich and used as received. 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2-

dioleoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] 

(ammonium salt) (PEG2000PE) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-

(lissamine rhodamine B sulfonyl) (ammonium salt) (DOPE-LR) were purchased from Avanti 

Polar Lipids. Fluorocarbon surfactant FC-4 was purchased from Yick-Vic Chemicals & 

Pharmaceuticals (HK) Ltd. Sephadex G25 was purchased from GE Healthcare Life Sciences. 

The composition of the phosphate buffered saline (PBS) used was: K2HPO4 (14.99 mM), 

KH2PO4 (5 mM), and NaCl (150.07 mM), with an ionic strength of 270 mM. The phosphate 

buffer (PB) with an ionic strength of 12 mM was prepared by mixing Na2HPO4 (1 mM) and 

NaH2PO4 (1 mM) at molar ratio of 5:2. Milli-Q water (18.2 MΩ/cm, Millipore Co., USA) was 

used throughout the experiment. All Hb solutions for the experiments are freshly prepared 

before each experiment. 

 

5.2.2 Synthesis of large-pore MSNs 

MSNs were synthesized as follows. 0.5 g of surfactant Pluronic P123 and 1.4 g of FC-4 

were dissolved in 80 mL of HCl (0.02 M), followed by the introduction of 0.48 mL of TMB. 

After stirring for 6 h, 2.14 mL of TEOS was added dropwise. The resulting mixture was 

stirred at 30 °C for 24 h and transferred to an autoclave at 120 °C for 2 days. Finally, the solid 
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product was isolated by centrifugation, and washed with ethanol and water. The organic 

template was completely removed by calcination at 550 °C for 5 h. 

 

5.2.3 Preparation of liposome  

Liposomes were prepared by dispensing stock solutions of DOPC (80 µl, 25 mg/mL), 

DOPE (40 µl, 25 mg/mL), and PEG2000-PE (30 µl, 25 mg/mL) into scintillation vials. All 

lipids were dissolved in chloroform. A lipid film was formed by slow evaporation of 

chloroform in the vial under a nitrogen flow and kept under vacuum overnight. The lipid film 

was rehydrated by the addition of phosphate buffer (2 mL, 1 mM, pH 7.4) and the mixture 

was vortexed to form a cloudy lipid suspension. The obtained suspension was sonicated in a 

water bath (50 °C) for 10 min. If necessary, fluorescent lipids (DOPE-LR) were incorporated 

into the lipid mixture at 1 wt% to make fluorescent liposomes. The resulting liposomes were 

stored at 4 °C (final lipid concentration was 1.875 mg/mL). 

 

5.2.4 Loading Hb into MSNs 

MSNs were dispersed in phosphate buffer (PB, 1 mM, pH 7.4) at a concentration of 2 

mg/mL and sonicated for 10 min. 0.5 mL of MSNs were mixed with a series of Hb with 

relatively low concentrations (0-700 µg/mL, 0.5 mL) and shaken using an Eppendorf mixer 

(400 rpm, 25 °C) for 10 min. Hb-loaded MSNs were collected by centrifugation (14000 rpm, 

5 min) for further physical characterization and the amount of non-encapsulated Hb in the 

supernatant was quantified using a Tecan M1000 plate reader. A calibration curve was 

determined based on the absorbance at 405 nm as a function of Hb concentration (0-350 

µg/mL).  

The maximum loading capacity (LC%) of Hb in MSNs can be obtained by 

thermogravimetric analysis (TGA),2 the same loading procedure was repeated by mixing 

MSNs suspensions and Hb with higher initial concentrations (0, 0.25, 0.5, 1, 1.5, 2, 3 and 4 

mg/mL). Before thermogravimetric analysis (TGA), Hb-loaded MSNs were freeze-dried until 

the weight was constant. The loading capacity (LC%) was calculated according to equation 

5.1:29  

LC  % = LoadingHb
LoadingHb+MSNs  × 100 %                                                                                (5.1) 

Where LoadingHb represents the amount of Hb absorbed in the MSNs.  
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5.2.5 Preparation of LB-MSNs 

To prepare LB-MSNs, 0.5 mL of Hb (0.5 mg/mL, PB) was transferred into a 2-

mL Eppendorf tube, followed by the addition of a MSNs suspension (0.5 mL, 2 

mg/mL). After shaking for 10 min, Hb-loaded MSNs were isolated by centrifugation. 

A dispersion (0.5 mL) of Hb-loaded MSNs (1 mg/mL) in PB (1 mM, pH 7.4) 

liposomes (composed of DOPC, DOPE, PEG2000PE). The mixture was for 1.5 h (400 

rpm, 25 °C). LB-MSNs were separated by centrifugation (13000 rpm, 5 min) from the 

excess of liposomes in the supernatant and then washed 3 times with PB. The 

hydrodynamic diameter and zeta-potential as a function of time were determined in 1 

mM PB (pH 7.4) using a Malvern Nano-zs instrument. Hb-loaded MSNs (1:4 w/w) 

were used as control. 

 

5.2.6 Characterization of MSNs, Hb-loaded MSNs and LB-MSNs 

The morphology and mesostructure of the MSNs were characterized with 

scanning electron microscopy (SEM) and transmission electron microscopy (TEM). 

SEM imaging was conducted using a NovaSem microscope with an accelerating 

voltage of 15 kV and TEM imaging was conducted on a JEOL 1010 instrument with an 

accelerating voltage of 70 kV. Nitrogen adsorption-desorption isotherms were obtained 

with a Micromeritics TrisStar II 3020 surface area analyzer. Before the measurements, 

MSNs (at 300 °C) and Hb-loaded MSNs (at 25 °C) were outgassed in the instrument 

for 16 h under vacuum (< 0.15 mbar). The specific surface areas were calculated from 

the adsorption data in the low pressure range using the Brunauer-Emmett-Teller (BET) 

model.30 The pore size distribution was determined following the Barrett-Joyner-

Halenda (BJH) model.31 The hydrodynamic size distribution and zeta-potential were 

measured with a Malvern Nano-zs instrument. Thermogravimetric analysis (TGA) was 

conducted with a Perkin Elmer TGA7. All the samples were tested under an air 

atmosphere from 25 °C to 800 °C at a heating rate of 10 °C/min. UV-Visible 

absorbance spectra were measured using 96-well plates with a Tecan M1000 plate 

reader. LB-MSNs were imaged by fluorescence microscopy (Zeiss Axio imager D2 

fluorescence microscope, magnification 100×). 

 

5.2.7 Peroxidase-like activity of Hb-loaded MSNs and Hb 

The peroxidase-like activity of Hb after encapsulation by MSNs was measured 

using 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS).6, 32 
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An ABTS solution was prepared by dissolving 15 mg of ABTS in 1 mL MilliQ water 

and 9 mL acetic acid.33 Hydrogen peroxide (1 mL, 30% w/w in water) was diluted into 

30 mL of MilliQ water. Hb (0.05 and 0.1 mg/mL, 5 µl) and Hb-loaded MSNs (0.05 

and 0.1 mg/mL, 5 µl) were mixed with hydrogen peroxide (150 µL) in 96-well plate 

followed by the immediate addition of the ABTS solution (45 µL). The absorbance at 

418 nm of the oxidized blue-green ABTS·+ was monitored every 20 sec for 20 min 

using a plate reader (Tecan infinite M1000). The control experiment was performed by 

using enzyme-free PBS and plain MSNs (0.05 and 0.1 mg/mL) in PBS. All 

experiments were performed in triplicate. 

 

5.2.8 Labeling of Hb with Fluorescein isothiocyanate  

Hb (10 mg) was dissolved in 5 mL of sodium carbonate buffer (100 mM, pH 9). 

Fluorescein isothiocyanate (FITC) was dissolved in DMSO at 1 mg/mL, and 0.25 mL 

of the FITC solution was added to the protein solution. The mixture was stirred 

overnight at 4 °C. The resulting FITC-labelled Hb was purified by size exclusion 

chromatography using a Sephadex-G25 column and PBS as the eluent. 

  

5.2.9 Release profiles of Hb from MSNs and LB-MSNs 

The in vitro release profiles of Hb from MSNs and LB-MSNs were investigated 

by suspending Hb-loaded MSNs or LB-MSNs in PBS (warmed to 37 °C, pH 7.4) at a 

concentration of 1 mg/mL. The solution was incubated at 37 °C using an Eppendorf 

mixer (400 rpm). At various time points, the solution was centrifuged and the 

supernatants were replaced with fresh PBS. The released amount of Hb in the 

supernatant was determined with a Tecan M1000 plate reader. All analyses were 

performed in triplicate.  

 

5.2.10 Zebrafish husbandry 

Transgenic zebrafish of the Tg (kdrl:GFP) strain, which has a GFP reporter gene 

expressed specifically in the endothelial cells,34-36 resulting in a green fluorescent 

vasculature. Zebrafish were handled in compliance with the local animal welfare 

regulations and maintained according to standard protocols (zfin.org). Embryos were 

raised in egg water (0.21 gm Instant Ocean sea salts in 1 liter of demi water) at 28.5 °C. 

For the duration of bacterial injections, embryos were kept under anesthesia in egg 

water containing 0.02% buffered 3-aminobenzoic acid ethyl ester (Tricaine). The 
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breeding of adult fish was approved by the local animal welfare committee (DEC) of 

the University of Leiden. All protocols adhered to the international guidelines specified 

by the EU Animal Protection Directive 2010/63/EU.  

 

5.2.11 Zebrafish injection of LB-MSNs 

A stock solution of LB-MSNs (5 mg/mL) and injected (5 µL) into the duct of 

cuvier. PBS injections were used as a control experiment. Injections were performed 

using a FemtoJet microinjector (Eppendorf) and a micromanipulator with pulled 

microcapillary pipettes.  

 

5.2.12 Confocal microscopy imaging 

Embryos were imaged after injection, embedded in 1% low melting point agarose   

and transferred to a Leica DMIRBE inverted microscope with a Leica SP1 confocal 

scan head for imaging with 40 or 63× lenses. For quantification purposes acquisition 

settings and area of imaging (in the caudal vein region) were kept the same across the 

groups. 

 

5.3 Results and discussion 

The morphology and mesoporous structure of the MSNs was analyzed by scanning 

electron microscopy (SEM) and transmission electron microscopy (TEM). From the SEM 

images, it became apparent that particles were non-spherical, the diameter of the as-prepared 

MSNs was found to be < 100 nm (Figure 5.1a). The TEM images more clearly visualized that 

the particles were 90 ± 20 nm long, with an average widths of 43 ± 7 nm (average of 150 nm 

particles). TEM imaging also revealed that the particles possessed an array of disc-shaped 

mesochannels that run parallel to the short axis of the MSNs (Figure 5.1b).  

To characterize the channels within the cuboidal MSNs and to prove encapsulation of Hb 

molecules within the channels is possible, nitrogen sorption measurements were performed. 

Both MSNs and Hb-loaded MSNs, exhibited characteristic type IV isotherms with type H1 

hysteresis loops, showed that these nanoparticles have disc-like mesopores according to 

International Union of Pure and Applied Chemistry (IUPAC) classification.37 The presence of 

encapsulated Hb does reduce the surface area from 506 m2/g to 275 m2/g. This is in agreement 

with the reduced average channel diameter from 10 nm (MSNs) to 7 nm (Hb-loaded MSNs), 

which was confirmed from the desorption branch of the isotherm using the Barrett-
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Joyner-Halenda (BJH) method (Figure 5.1c,d). Upon Hb encapsulation, both surface 

area and pore diameter of the MSNs decreased, indicating that hemoglobin was indeed 

encapsulated within the channels of the MSNs. 

 
Figure 5.1 (a and b) SEM and TEM images of MSNs. Scale bar = 250 nm. (c) Nitrogen 

adsorption-desorption isotherms and (d) plots of pore diameter vs. pore volume, calculated 

from the desorption isotherms using the BJH model, show that the MSNs and Hb loaded 

MSNs (146 mg/g) have an average pore diameter of 10 ± 1 nm and 7.5 ± 1.5 nm, respectively. 

 

Thermogravimetric analysis (TGA) is one of most commonly use methods to 

detect the drug loading effiency.2, 37, 38 A half-life of cell-free Hb is relatively short 

(0.5-1.5 h), because of the dissociation of the Hb tetramer (α2β2) into dimers (2αβ).10 

To reduce the errors, the percentage of Hb loaded within the MSNs was determined by 

TGA.2 We observed that the weight loss upon heating the sample corresponding to the 

amount of Hb inside the MSNs for Hb correlated with the initial Hb concentration. 

Upon heating, both MSNs (as control) and MSNs/Hb (initial concentration, 4 mg/mL) 

underwent a total weight loss of 3.8% (H1) and 42.1% (H2) when measured up to 
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800 °C (Figure 5.2a). The initial weight loss up to 100 °C was caused by the removal 

of thermo-desorbed water corresponding to 1.5% (L1) and 3.4% (L2) of the total weight 

loss. The weight loss (W) corresponding to Hb was calculated according to the 

following equation 5.2:39  

𝐻𝐻1−𝐿𝐿1
100−𝐻𝐻1 = 𝐻𝐻2−𝑊𝑊−𝐿𝐿2

100−𝐻𝐻2                         

W = H2 - L2 - (𝐻𝐻1−𝐿𝐿1)(100−𝐻𝐻2)
100−𝐻𝐻1                                                                  (5.2) 

L: the initial weight loss until 100 °C was caused by the presence of thermo-

desorbed water; H: the total weight loss up to 800 °C; Plain MSNs were used as 

control, L1 (100 °C) and H1 (800 °C). 

 
Figure 5.2 (a) TGA curves of Hb-loaded MSNs with different initial concentrations of Hb (0, 

0.25, 0.5, 1, 1.5, 2, 3 and 4 mg/mL, from top to bottom) and its corresponding b) LC% of Hb 

into MSNs calculated by TGA; (c) Loading amount of Hb into MSNs at low loading 

concentrations by a Tecan M1000 plate reader, absorbance at 405 nm, 0-700 µg/mL); (d) 
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ABTS catalyzed by native Hb (white) and MSNs/Hb (black). Hb-1 and Hb-loaded MSNs-1 

represent the initial concentration of Hb were 50 µg/mL and Hb-2 and Hb-loaded MSNs-2 

were 100 µg/mL. The enzymatic activity of Hb was measured at 418 nm by examining the 

catalytic conversion of the oxidation of ABTS. 

 

When the initial concentration of Hb used to load the MSNs was 4 mg/mL, the 

maximum loading capacity (37.3%) was obtained (Figure 5.2b). To investigate the 

encapsulation procedure in more detail, MSNs (2 mg/mL) were loaded with Hb using 

concentration range of this protein (0-700 µg/mL). This revealed that Hb loading in 

MSNs is a linearly correlated (R2 = 0.993) with the initial Hb concentration (0-700 

µg/mL, Figure 5.2c). At higher initial concentration of Hb this correlation is lost, 

because concentrated Hb competing for the encapsulation, leading the blockage of 

pores (Figure 5.2b,c). 

Hemoglobin can act as a peroxidase-like protein as its heme center catalyses the 

reduction of hydrogen peroxide. Compared to inorganic catalysts, proteins (Hb) have a 

high substrate specificity and reactive efficiency under normal conditions.6 To examine 

the enzymatic activity of encapsulated Hb, the oxidation of ABTS by hydrogen 

peroxide was used as an indicator.6 The catalytic reactivity of MSNs/Hb was analyzed 

and compared with native Hb in solution (Hb concentrations, 0.025 and 0.5 mg/mL). 

As shown in Figure 5.3b,c, the kinetics of the two enzyme-catalyzed reactions are 

essentially identical, indicating that the encapsulated Hb in MSNs exhibit high 

peroxidase-like activity as native Hb in aqueous solution.32 As expected, a higher 

concentration of Hb resulting a faster conversion of H2O2. This result indicated that 

after encapsulation, Hb remained its peroxidase-like activity of Hb was not altered. 
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Figure 5.3 (a) UV-VIS absorption spectra of Hb at varying concentrations (25-350 µg/mL); 

(b) standard curve of Hb absorbance (405 nm); (c) UV-Visible absorption spectra of Hb-

loaded MSNs with varying concentration (based on Hb, 25-350 µg/mL); (d) standard curve of 

Hb-loaded MSNs (405 nm). 
 

Helpful information on the heme protein folding can be obtained. From the Soret 

band in the UV-Visible absorption spectrum of hemoglobin as it is sensitive to the 

microenvironment, substructure, and oxidation state.40 The spectral characteristics of 

MSNs/Hb (Hb concentration: 25-350 µg/mL) showed absorption curves that the 

closely resembled those of native Hb as in all cases the maximum absorption was 

centered at 405 nm and no blue-shift was observed, suggesting no occurrence of 

protein unfolding.41 The only noticeable difference is that MSNs/Hb showed some 

slight peak broadening, probably caused by the light scattering of MSNs (Figure 

5.3a,c). A good linear relationship (R2 = 0.983) between the absorbance (405 nm) and 

MSNs/Hb concentration was obtained, similar to native Hb (Figure 5.3b,d, R2 = 0.999). 
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This confirms that Hb retains its higher-order structure in the mesopores of MSNs and 

does not undergo significant denaturation after encapsulation inside the silica pores.6, 40 

Efficient encapsulation of Hb into MSNs occurs when the physicochemical 

properties of the Hb surface and the MSNs are complementary.42 As the isoelectric 

point (pI) of Hb is 6.8-7.0 and 2-3 for the MSNs.15, 42 both MSNs and Hb are 

negatively charged at physiological pH (7.4). The amount of Hb encapsulated in the 

MSNs was dependent on its initial concentration, indicating that the adsorption process 

was probably driven by capillary action.43 Hb was encapsulated into the mesoporous 

channels (Figure 5.1c,d), but also the encapsulation process on the outer surface of the 

MSNs (Figure 5.S1). At higher Hb concentrations, the hydrodynamic diameter of Hb-

loaded MSNs increased dramatically due to aggregation (Figure 5.S1a). Therefore a 

lipid bilayer was introduced to coat the Hb-loaded MSNs and form a physical barrier 

preventing colloidal aggregation (Figure 5.4a). The long-term colloidal stability of LB-

MSNs is an important criteria for future biomedical applications. The hydrodynamic 

diameter and the zeta-potential of LB-MSNs were therefore measured for one week. 

The hydrodynamic diameter and the zeta-potential remained stable within this period 

(~250 nm, ~-23 mV) for at least one week (Figure 5.4b,c). Next, the cumulative release 

of Hb from MSNs and LB-MSNs was studied in vitro (Figure 5.4d). Hb-loaded MSNs 

(1:4 w/w) showed a burst release during the first hour with a release amount of 25.50 ± 

0.33%, while for LB-MSNs this was decreased to 6.73 ± 0.83%. After 180 h, the 

cumulative release percentage of Hb-loaded MSNs and LB-MSNs was 42.27 ± 0.60% 

and 27.49 ± 0.29%, respectively. This shows that the lipid bilayer physically lowers the 

amount of Hb leaching out from the MSNs (Figure 5.4d).  
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Figure 5.4 Colloidal stability of LB-MSNs. (a) Hydrodynamic diameter of MSNs and LB-

MSNs according to DLS (1 mM PB, pH 7.4); (b) size stability (insert: PDI values) and (c) 

zeta-potential of LB-MSNs were measured as a function of time (1 mM PB, pH 7.4); (d) 

release profiles of Hb-loaded MSNs and LB-MSNs in PBS (37 °C, pH 7.4). 

 

Fluorescence microscopy imaging was used to visualize and confirm the localization of 

Hb within the nanoparticles using fluorescent microscopy. For this, Hb was labelled with 

fluorescein isothiocyanate (FITC) while DOPE-LR was used to visualize the lipid 

bilayer on the Hb-loaded MSNs (Figure 5.S2). Due to the low magnification (100×) of 

the microscope and the small particle size (~250 nm, Figure 5.4a,b), it was not possible 

to observe single particle with great detail. Still the overlap of both dyes is a clear 

indication of the co-localization of Hb and the lipid bilayer at the same particle. 

Furthermore, the uniform distribution of LB-MSNs on the silicon slide proved the LB-

MSNs were well-dispersed. 
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Zebrafish (Danio rerio) embryos have emerged as an important transparent 

vertebrate model and are useful in vivo model for real-time imaging technique of a 

wide activity of biological processes and to study the distribution and circulation of 

nanoparticles.34, 44, 45  To study the in vivo behaviour of Hb loaded LB-MSNs in 

circulation, we injected fluorescent labelled LB-MSNs into the blood circulation 

system. After injection, the nanoparticles moved with the blood flow and readily 

distributed throughout the circulation of the bloodstream as evidenced by confocal 

imaging35 (Figure 5).  

 
Figure 5.5 Confocal fluorescence images of (a) lissamine rhodamine labeled LB-MSNs), with 

a few regular red dots attributed to autofluorescence, (b) GFP expressed blood vessels of a 

zebrafish embryo, (c) overlay images show the localization of the LB-MSNs in the blood 

vessels. 
 

Imaging revealed that LB-MSNs could systemic circulate and are evenly 

distributed in the blood vessels, with only little aggregation in the caudal hematopoietic 

tissue and the dorsal region of the yolk sac (Figure 5.5). The large majority of the 

nanoparticles however did not interact with endothelium, only a few adhered to the 

endothelium lining of the blood vessel and were trapped as expected. PEGylation of 

nanoparticle has shown to be an effective method to lower the binding affinity of the 
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particles for endothelial cells in vivo.35 However, further optimization of the lipid 

bilayer composition and the amount of PEGylation are planned. 
 

5.4 Conclusion 

In summary, lipid bilayer coated MSNs were used as a carrier for Hb. The large 

disc-like pores of the MSNs enabled the rapid encapsulation of Hb into the mesopores 

with a high loading capacity. Encapsulated Hb remained active and exhibited similar 

enzymatic activity to non-encapsulated Hb. The introduction of a supported lipid 

bilayer prevented premature Hb release from LB-MSNs and improved the colloidal 

stability in vitro. These Hb loaded LB-MSNs could be considered as an artificial 

erythrocyte mimic. Only the circulation and distribution of the LB-MSNs was tested in 

zebrafish embryos. Unfortunately, convective blood flow is not essential to supply 

oxygen to the tissues during the early larval development of zebrafish.46 Therefore Hb 

oxygen transport had no effect on oxygen-dependent processes47 as even mutant 

zebrafish lacking erythrocytes survive for about 2 weeks after fertilization.46, 48 Further 

testing using other animal models (e.g. mice) are therefore required to test these Hb-

loaded MSNs as a mimic for red-blood cells.  
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Supporting information 

 
Figure 5.S1 (a) Hydrodynamic diameter of Hb-loaded MSNs with varying 

concentrations (0-350 µg/mL) and the corresponding (b) PDI values, (c) zeta-potential 

in 1 mM PB (pH 7.4); (d) digital photograph of Hb-loaded MSNs with increasing 

concentration of Hb from the left to the right. 
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Figure 5.S2 (a) Fluorescence images of LB-MSNs on silicon slides, the scale bar 

represents 100 µm. (a) liposomes labelled with 1wt% DOPE-LR, (excitation 

wavelength = 546 nm); (b) FITC-labelled Hb (excitation wavelength = 488 nm); (c) 

overlay image, (d) control, empty silicon slide (magnification 100×). 
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6.1 Introduction 

Characterization of building blocks of cell’s like proteins by their mass is essential for 

the discovery of disease biomarkers and the development of early disease diagnostic tools.49, 

50 In (bio)nanotechnology, individual nanoparticles are as unique as people’s fingerprints,51 

therefore it becomes imperative to find methods for the full characterization of nanoparticles. 

In the field of nanomedicine,52 knowing the mass of nanoparticles could result in more precise 

in vivo administration.51 One of the most widely used mass-sensing methods is the quartz 

crystal microbalance,53-56 with a total mass resolution of ~1 ng.51, 57 However, rapid 

developments of nanotechnology in biology require a more sensitive technique, with a mass 

detection limit preferably at the level of nano-sized objects.49, 58 In the last decade, mechanical 

resonator based nanomechanical mass sensors have been developed and used to weigh cells, 

biomolecules, bacteria and viruses.49, 57, 59, 60 Burg57 demonstrated that suspended 

microchannel resonators (SMR) can be used to weigh single particles or cells in water with 

sub-femtogram resolution; such as gold nanoparticles (100 ± 8 nm, 10 fg), Escherichia coli 

(110 ± 30 fg) and Bacillus subtilis (150 ± 40 fg). In principle, added mass from a sample of 

interest induces a downshift of the resonance frequency that is proportional to the ratio 

between the added mass and the resonator’s mass.49, 60 However, this technique isn’t suitable 

for measuring the weight the particle size with small diameter (< 50 nm).61 In recent years, 

with the development of nanomechanical devices, the ultimate mass detection limit rapidly 

shifted from pictograms (10-12 g)57, 62 to yoctograms (10-24 g).59 However, most of these 

techniques require complex high-vacuum conditions and are therefore, not suitable for 

analyzing biomolecules or nanoparticles in solution.49, 57, 59, 63  

Here, a simple and non-destructive method to estimate the weight of a single particle in 

solution using Nanoparticle tracking analysis (NTA) is described. Nanosight, a laser-

illuminated light scattering microscopy,51 is capable of directly sizing and visualizing 

nanoscale particles in liquids with high-resolution, providing the size, total number of 

particles and the concentration of the measured samples.51, 64 The NTA software can identify 

and track individual nanoparticles moving under Brownian motion and relates the movement 

to a particle size according to the formula derived from the Stokes-Einstein equation.65 Taking 

the advantages of this technique and combined with a gravimetric measurement yields a 

simple and complementary method to determine the colloidal stability and estimate a single 

nanoparticle’s weight of the sample of interest in solution such as the MSNs described in 

Chapter 2, 3, 4 and 5.  
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6.2 Materials and method 

6.2.1 Materials 

Pluronic P123 (EO20PO70EO20, Mn~5800 g/mol), tetraethyl orthosilicate (TEOS, ≥98%), 

hydrochloric acid (HCl), 1,3,5-trimethylbenzene (TMB) were purchased from Sigma-Aldrich 

and used as received. Fluorocarbon surfactant FC-4 was purchased from Yick-Vic Chemicals 

& Pharmaceuticals (HK) Ltd, China. Milli-Q water (18.2 MΩ/cm, Millipore Co., USA) was 

used throughout the experiments. 

 

6.2.2 Preparation of large-pore MSNs  

MSNs were synthesized as follows. 0.5 g of surfactant Pluronic P123 and 1.4 g of FC-4 

were dissolved in 80 mL of HCl (0.02 M), followed by the introduction of 0.48 mL of TMB. 

After stirring for 6 h, 2.14 mL of TEOS was added dropwise. The resulting mixture was 

stirred at 30 °C for 24 h and transferred to an autoclave at 120 °C for 2 days. Finally, the solid 

product was isolated by centrifugation, and washed with ethanol and water. The organic 

template was completely removed by calcination at 550 °C for 5 h. 

To determine the colloidal stability and concentration in particles (1 × 108/mL), MSNs (1 

mg/mL) were sonicated (10 min) and dispersed in MilliQ. The sample was diluted with 

MilliQ to final concentrations ranging from 1 to 10 µg/mL. All the suspensions were 

sonicated for 10 min (Branson 1510 ultrasonic cleaner) before the measurements. The mean 

size, standard deviation (SD), and total concentration values were measured using a 

NanoSight LM20. Four measurements were taken from each sample and averaged. The 

weight of a single particle was determined using the following equations. 

 
  

 

𝑚𝑚 (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑀𝑀𝑀𝑀𝑀𝑀 𝑤𝑤𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝑡𝑡) = 𝑀𝑀 
𝑀𝑀                                                                                                (6.1)  

When the volume of the MSNs suspension is 1 mL,  

𝑚𝑚 (weight of a 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑀𝑀𝑀𝑀𝑀𝑀) = 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑝𝑝𝑐𝑐𝑛𝑛𝑝𝑝𝑝𝑝𝑛𝑛𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐𝑛𝑛 𝑏𝑏𝑏𝑏 𝑤𝑤𝑝𝑝𝑝𝑝𝑤𝑤ℎ𝑝𝑝
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑝𝑝𝑐𝑐𝑛𝑛𝑝𝑝𝑝𝑝𝑛𝑛𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐𝑛𝑛 𝑏𝑏𝑏𝑏 𝑝𝑝𝑐𝑐𝑐𝑐𝑛𝑛𝑝𝑝𝑐𝑐                                             (6.2)  

M: Weight of MSNs (mg) as determined by micro balance (Sartorius), 

N: Number of MSN particles as determined by NTA. 

 

6.2.3 Particle analysis 

The porous structure of the as-prepared MSNs was characterized using transmission 
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electron microscopy (TEM) operated at 70 kV (TEM, JEOL 1010, USA). The hydrodynamic 

diameter of the MSNs was measured with a Malvern Nano-ZS instrument. Nanoparticle 

tracking analysis (NTA) measurement was performed by using a NanoSight LM20 

(NanoSight, Amesbury, United Kingdom). The software used for capturing and analyzing the 

data was the NTA 2.0 Build 127. Data analysis was performed using NTA 2.0 Build 127. All 

the samples were measured for 40 s at room temperature. 

 

6.3 Results and discussion 

The morphology and mesoporous structure of the MSNs was visualized by TEM (Figure 

6.1a). Analysis of the TEM images revealed the MSNs had lengths of 90 ± 20 nm and widths 

of 43 ± 7 nm, giving them an elongated cuboidal-like geometry. Dynamic light scattering 

(DLS) measurements revealed MSNs with a unimodal distribution that possessed an average 

hydrodynamic diameter of 146 nm (Figure 6.1b). These sizes were slightly larger than those 

determined by DLS, since TEM provides the size distribution of dehydrated particles while 

DLS measurements yield an average hydrodynamic diameter of the particles in solution.66 

Nanoparticle tracking analysis (NTA) enables the determination of the hydrodynamic 

diameter distribution of the particles and in addition counts the number of individual 

nanoparticles.51, 65 Therefore, the colloidal stability of the MSNs as a function of 

concentration was determined using NTA (Figure 6.1c and d). A dilution series of MSNs (1-

10 µg/mL) was prepared and the concentration of MSN was determined to be 4.6×108 - 

2.9×109 particles/mL were determined by NTA (Figure 6.1d, red dots curve). The mean size, 

standard deviation (SD), and molarity (n/v) as a function of MSN concentration (w/v) were 

also measured by NTA (Figure 6.1c, d, table 6.1). Surprisingly, an increase in MSN 

concentration, resulted in a decrease in the observed mean size of the MSN from 148 to 87 

nm, which fits with both the transmission electron microscopy (TEM) and the dynamic light 

scattering (DLS) data results (Figure 6.1a, b). Since the mean size and SD values obtained by 

NTA correspond to the arithmetic values calculated with all the particles analyzed, the 

decrease in mean size may be due to a more accurate calculation at higher particle 

concentrations.65  
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Table 6.1 Mean size, size distribution and concentration in particles of MSNs from NTA 

measurements 

Particle conc. 

(µg/mL) 
Mean (nm) SD (nm)a 

Particle conc. 

(1 × 108/mL)b 

1 146.8 ± 4.3 63.8 ± 1.9 4.6 ± 0.7 

2 131.5 ± 5.2 58.5 ± 1.0 8.5 ± 0.2 

3 138.3 ± 5.7 63.0 ± 6.8 9.4 ± 0.7 

4 131.3 ± 6.7 68.5 ± 2.4 13.6 ± 1.2 

5 122.5 ± 4.0 69.5 ± 1.0 15.4 ± 1.3 

6 118.8 ± 2.1 68.0 ± 1.6 18.0 ± 2.1 

7 106.5 ± 5.8 64.5 ± 4.2 19.5 ± 0.8 

8 107.0 ± 1.2 70.3 ± 0.5 22.2 ± 1.8 

9 106.5 ± 7.5 72.3 ± 8.4 26.0 ± 2.1 

10 86.5 ± 6.1 64.8 ± 3.8 29.4 ± 3.4 
 

aSD standard deviation calculated by the NTA software; bConc. Concentration in particles 108/mL as 

measured by NTA. Numbers represent average values ± standard deviation (n = 4 measurements). 

 

Figure 6.1d (red curve) shows, the linear (R2 = 0.99) relationship between particle 

concentration by weight and by count rate (y = 2.61x + 2.315). The calculated weight of a 

single particle using equation 6.2 (red dots) increased steadily until they reached a plateau 

(Table 6.1). The weight of a single particle was calculated according to equation 6.3.  

 

𝑚𝑚 (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑀𝑀𝑀𝑀𝑀𝑀𝑠𝑠′𝑤𝑤𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝑡𝑡) = 𝑥𝑥
2.61𝑥𝑥 + 2.315                                                               (6.3) 

The slope reflects the weight of a single MSN. When a higher particle concentration is 

used for the NTA measurements, the value of a single MSN weight is closer to the real weight. 

When x goes to ∞, the weight of a single MSN is the reciprocal of the slope and thus the 

weight was calculated to be 3.8 fg. As no aggregation was observed over the used particle 

concentration range during all the measurements, the MSNs showed good colloidal stability.  
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Figure 6.1 (a) TEM image of MSNs, scale bar = 500 nm; (b) hydrodynamic diameter by DLS; 

(c) mean MSN size and standard deviation (SD) calculated by the NTA software; (d) NTA 

particle concentration (108 particles/mL) as a function of particle concentration 

(weight/volume, 1-10 µg/mL) from NTA measurements and estimation of singular particle 

weight. Concentration in particle number (108 particles/mL) as measured by NTA. Numbers 

represent average values based on 4 measurements. 

 

6.4 Conclusion 

In conclusion, we developed a simple method to measure the colloidal stability of MSNs 

and estimate the weight of a single MSN at the same time. The detection limit for the 

nanoparticle size is determined by the sensitivity of the camera of NTA and the accuracy of 

the micro balance. This complementary and non-invasive method uses the advantage of NTA 

and provides a new and easy method for determining the weight of single nanoparticles and 

biomolecules in solution with a femtogram resolution.  
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7.1 Summary and Perspectives 

Proteins play a crucial role in life, taking part in all vital process in the body,67 and are 

therefore used as therapeutic agents in a diverse range of biomedical applications. When 

administrated into bodily fluids, most native proteins are prone to degradation or inactivation 

process. The challenges of protein delivery are overcoming poor stability, low permeability 

toward cell membrane.68 Among all existing materials for protein delivery, mesoporous silica 

nanoparticles (MSNs) are one of the most promising intracellular nanocarriers due to its key 

properties: biocompatible, straightforward synthesis, and surface modification. For various 

biomedical applications, monodisperse MSNs with a particle size in the 50-200 nm range,69 

controllable surface chemistry,70 and a large pore size (> 5 nm) are desired. 71-77 

This thesis presents a new method to synthesize large disc-like pore (10 ± 1 nm) 

containing MSNs with an elongated cuboidal-like geometry (90 × 43 nm). Building upon 

previous reports, we designed a facile synthetic route to a new type of MSNs which 

effectively encapsulate and release proteins. To obtain the desired large pores in a sub-200 nm 

particle, a double-surfactant system consisting of a high molecular weight block copolymer 

(Pluronic P123)72, 78 and fluorocarbons,79, 80 was employed as the structure-directing template. 

The swelling agent 1,3,5-trimethylbenzene (TMB) was added to expand the diameter of the 

pores.72 These MSNs were synthesized as stable colloidal suspensions with a narrow size 

distribution and channels aligned parallel to the short axis. This mesostructure favors efficient 

mass transfer,81 as it possesses a high density of entrances enabling rapid and efficient 

encapsulation of proteins.82 The encapsulation and release behavior for seven model proteins 

(α-lactalbumin, ovalbumin, bovine serum albumin, catalase, hemoglobin, lysozyme and 

cytochrome c) in these MSNs was investigated in Chapter II. These MSNs with their large 

surface area and optimal dimensions, provide a scaffold with a high encapsulation efficiency 

and controllable release profiles for a variety of proteins, enabling potential applications in 

fields such as drug delivery and protein therapy.  

Next, a new intradermal delivery system, which synergistically integrated the advantages 

of nanoparticles and microneedles was described in Chapter III. Microneedle-mediated 

intradermal vaccine is a minimally invasive and effective method for reducing mortality and 

improving human health.83-86 To further improve the immunogenicity of vaccine, 

nanoparticle-based vaccines have been utilized to improve the antigen stability in vivo and 

ensure sustained delivery to the vaccine site.83 For this, pH-sensitive microneedles were 

coated with antigen-loaded, lipid bilayer-cover. Negatively charged ovalbumin (OVA, at pH 
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7.4) was chosen as a model antigen vaccine. Positively charged AEP-MSNs with large pores 

(10 nm) facilitated the rapid encapsulation of OVA with a high loading capacity. The 

introduction of lipid bilayer significantly improved the colloidal stability of OVA loaded-

AEP-MSNs and reduced the premature release of OVA. In addition, it enabled the coating of 

the nanoparticles on the surface of pH-sensitive microneedle arrays. Application of LB-MSNs 

coated microneedle arrays into human skin (ex vivo) resulted in the successful delivery of the 

OVA loaded nanoparticles into the skin in a pH dependent manner.  

Protein delivery into cytosol of cells is still a challenging topic, since the inefficient 

cellular uptake and escape from the endosome to the cytosol hampers clinical applications.  In 

Chapter IV, we studied the intracellular delivery of protein loaded MSNs via lipopeptide 

mediated membrane fusion. Positively charged cytochrome c (cyt. c, at pH 7.4) was selected 

as a typical membrane impermeable protein cargo and encapsulated into MSNs (MSNs/cyt. c) 

with fast kinetics and high loading capacity. In order to enhance the colloidal stability and 

prevent the premature release of cyt. c, MSNs/cyt. c were coated with a fusogenic lipid bilayer. 

To realize direct cytosolic delivery, a complementary pair of coiled-coil lipopeptides (CP4E4 

and CP4K4) was introduced to trigger the targeted delivery of MSNs/cyt. c. For this, MSNs/cyt. 

c were coated with a lipid bilayer containing CP4E4, and these particles were added to CP4K4 

pre-treated HeLa cells. The complementary coiled-coil forming lipopeptides enhanced the 

intracellular delivery of MSNs/cyt. c. The subsequent cytosolic release of cyt. c from LB-

MSNs resulted in the activation of the apoptosis pathway and eventually leading to cell death. 

Apart from intracellular protein delivery for potential vaccine (OVA) and cancer therapy 

(cyt. c), we also applied our MSN-based protein delivery system for other clinic applications, 

like an erythrocyte mimic. Hemoglobin (Hb), the most abundant protein in blood, is 

responsible for oxygen transport around the body.2, 8, 87 Cell-free Hb is cleared quickly and is 

too toxic to serve as a blood substitute.2, 8 In the past decades, a variety of nanoparticles have 

been used for physical encapsulation or chemical conjugation of Hb in order to develop an 

universal blood substitute.2, 8, 13, 15, 87 In Chapter V, Hb-based oxygen carriers were fabricated 

simply by using MSNs as rigid core to encapsulate Hb and which were covered with a lipid 

bilayer (named LB-MSNs) to increase the colloidal stability. This bilayer is composed of 

phospholipids (DOPC, DOPE) and a PEG-modified lipid (PEG2000PE) to provide a steric 

coating on the surface of MSNs/Hb in order to prolong the circulating plasma half-life. The 

bio-distribution and circulation of LB-MSNs were monitored in zebrafish (Danio rerio) 

embryos for real-time imaging. Upon injection, the nanoparticles moved with the blood flow 

and readily distributed throughout the circulation of the bloodstream. 
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In addition to load therapeutic proteins for vaccine purposes, cancer therapy and artificial 

cells (Chapter III, IV, V), MSNs described in this thesis can also be employed as a 

nanocarrier to load a wide range of proteins for other biomedical applications. For example, 

lysozyme, a naturally occurring antimicrobial enzyme, is abundant in nature.88 However, its 

antimicrobial effectiveness is limited by its poor stability and low uptake by bacteria. MSNs, 

as a delivery vesicle for a series of antimicrobial proteins, could improve the antimicrobial 

effect by enhancing the loading capacity and increasing the bacteria uptake. Another example 

is the tissue engineering field where growth factors and soluble-secreted signaling 

polypeptides capable of instructing specific cellular responses in a biological environment are 

required to promote tissue formation.89-92 However, many of them are inherently unstable in 

the blood stream and have a short half-life after administration.93 MSNs with their excellent 

biocompatibility88 and tunable structure are suitable for loading and releasing a wide range of 

these growth factors.  

Proteins typically need to be transport intracellularly to exert their therapeutic effect,94 

which requires custom-designed nanocarriers for each specific problem. Almost all protein 

cargos need endolysosomal escape in order to reach the various subcellular compartments of 

interest.67 However, there are some exceptions. Catalase is active in acidic environments 

found in endosomes and ischemic pathological foci (pH 4-6) and decomposes the highly 

permeable small oxidant H2O2 and therefore could be used for the treatment of vascular 

oxidative stress.95  

In biology, compartmentalization is a dominant feature to tightly regulate multiple 

reactive species in a crowded cellular environment.68 Inspired by this compartmentalized 

structure, co-encapsulation of multiple enzymes inside the MSNs can be a promising 

approach to construct a synthetic cell.96 For example, based on the result of Chapter V, 

antioxidant enzymes (superoxide dismutase and catalase) can be added into hemoglobin-

based oxygen carrier (LB-MSNs) to increase the level of complexity in both structure and 

functions, protecting this erythrocyte mimic from severe hypoxia.97  

Small interfering (siRNA), can be also loaded into this new type of MSNs and further 

delivered into the targeted cells. Since the first report of gene silencing within mammalian 

cells in 1998,98-100 RNA interference (RNAi) is widely regarded as a promising technology for 

disease treatment, yet one major obstacle for its clinical application is the lack of efficient in 

vivo siRNA delivery vehicles.98, 101-103 siRNA can be used as a drug because it does not 

require genome integration and at least 22 RNAi-based drugs have entered clinical trials.102 

Similar to proteins, the intracellular delivery of siRNA needs to overcome the same barrier, as 
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siRNA is membrane impermeable and prone to degradation in the bodily fluids. Efforts have 

been made to employ a variety of nanoparticle platforms to transport siRNA into cells.98, 100, 

103 Existing literature describes positively charged MSNs as a non-viral vector for siRNA 

delivery, where siRNA is bound through electrostatic interactions. These siRNAs with a 21-

23 base-pair length (~13 kDa) and possesses multiple negative charges have some similarity 

to the properties of α-lactalbumin (14.2 kDa, pI 4.5). Based on previous studies, the surface of 

the MSNs described in this thesis can also be easily modified with PEI to obtain PEI-

MSNs.104 Next siRNA can be encapsulated and are covered with a lipid bilayer, that can be 

labeled with a fluorescent dye and targeting molecules23 for imaging and enhanced targeting. 

These follow-up studies will further show the potential applications of this new type of MSNs 

and LB-MSNs as a generic biomacromolecule delivery system. 
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Nederlandse Samenvatting en Perspectieven 

Eiwitten spelen een cruciale rol in het leven en zijn betrokken bij alle vitale processen in 

het lichaam. Eiwitten worden daarom gebruikt als therapeutica voor diverse biomedische 

doeleinden. Echter bij toediening in het menselijk lichaam worden de meeste eiwitten 

afgebroken of geinactiveerd. Voor een succesrijke eiwit-therapie zullen dan ook problemen 

rond stabiliteit en membraan-penetratie moeten worden opgelost. Van de huidige materialen 

die gebruikt worden voor het afleveren van eiwitten zijn mesoporous silica nanodeeltjes een 

van de meest veel belovende nano-voertuigen onder andere vanwege hun a) goede 

biocompatibiliteit, b) beschikbaarheid van veel protocollen voor hun synthese, c) 

gemakkelijke modificatie van hun oppervlak zodat de lading naar believen kan worden 

aangepast. Voor menige biomedische toepassing zijn monodisperse MSNs met een 

deeltjesgroote van 50-200 nm, een chemisch-modificeerbare oppervlakte, en grote poriën (> 5 

nm) gewenst. 

In dit proefschrift is een nieuwe methode geïntroduceerd om MSNs met een kubus-

achtige geometrie (90 × 43 nm) te synthetiseren die bovendien grote schijfvormige poriën (10 

± 1 nm) bevatten.  Voortbordurend op eerder onderzoek hebben we een eenvoudige 

synthetische route ontworpen voor een nieuw type MSNs met goede opname en afgifte 

eigenschappen. Om de gewenste porie-grootte te verkrijgen in een sub-200 nm deeltje werd 

als structuur-matrijs een dubbel-surfactant systeem gebruikt bestaande uit een hoog-

moleculair gewicht block-copolymeer en fluorocarbons. 1,3,5-trimethylbenzene (TMB) werd 

toegevoegd om de porie-diameter te vergroten. Deze MSNs werden gesynthetiseerd als 

stabiele colloidale suspensies met een smalle grootte-verdeling en kanalen die parallel lopen 

aan de korte as. Een dergelijke “mesostructuur” bevordert een efficiënte overdracht van massa 

vanwege de hoge dichtheid aan openingen die zorgen voor snelle en efficiente inkapseling 

van eiwitten. De inkapseling en afgifte van een zevental modeleiwitten (α-lactalbumine, 

ovalbumine, bovine serum albumine, catalase, hemoglobine, lysozym en cytochroom c) door 

deze MSNs werd bestudeerd in Hoofdstuk II. De hoge inkapselingsefficientie en 

controleerbare afgifte profile voor een verscheidenheid aan eiwitten maken deze MSNs 

geschikt voor toepassingen in het veld van medicijnafgifte en eiwit-therapieën.  

In Hoofdstuk III werd een nieuw intradermaal (onderhuids) afgifte system beschreven 

dat de voordelen van nano-deeltjes en micronaalden combineert door pH-gevoelige 

micronaalden te voorzien van lipiden-gecoate MSNs die een antigen bevatten. Het negatief-

geladen ovalbumine (OVA) werd gekozen als model-antigen voor dit vaccinonderzoek. 
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Intradermale vaccinatie met micronaalden is een pijnloze en effectieve methode van 

vaccineren. Om de immunogeniciteit van vaccins te verbeteren worden vaccins gebruikt die 

gebaseerd zijn op nanodeeltjes omdat deze zorgen voor een verhoogde antigen-stabiliteit in 

vivo en een langdurige afgifte op de plek van vaccinatie. Positief geladen silica nanodeeltjes 

(AEP-MSNs) met een porie-grootte van 10 nm zorgden voor een snelle inkapseling van 

ovalbumine (OVA) met een hoge ladingscapaciteit.  De introductie van een lipide bilaag 

resulteerde in een verbeterde colloïdale stabiliteit van OVA-geladen-MSNs en voorkwam 

voortijdige afgifte van OVA. Bovendien faciliteerde de lipide bilaag de coating van de pH-

gevoelige micronaalden met deze nanodeeltjes. Toepassing van deze gecoate nanodeeltjes 

leidde tot de succesvolle afgifte van OVA-geladen nanodeeltjes in de menselijke huid (ex 

vivo) in een pH-afhankelijke manier.   

Eiwit-afgifte in het cytosol van cellen is nog steeds een uitdagende opgave vanwege de 

inefficiente cellulaire opname en ontsnapping van eiwitten uit endosomen naar het cytosol, 

hierdoor worden mogelijke klinische toepassingen beperkt. In Hoofdstuk IV bestudeerden we 

de intracellulaire afgifte van eiwit-bevattende MSNs door middel van lipopeptide 

geïnduceerde membraanfusie. Het positief geladen eiwit cytochroom c (CytC) dat van 

zichzelf niet door membranen heen kan werd in deze studie als modeleiwit gebruikt. CytC 

kon snel en in hoge hoeveelheden ingekapseld worden in MSNs. Om de colloïdale stabiliteit 

te verhogen en voortijdige afgifte van CytC te voorkomen werden ook deze nanodeeltjes 

voorzien van een lipide bilaag. Om directe afgifte in het cytosol te bewerkstelligen werd 

gebruikt gemaakt een complementair paar van coiled-coil peptides (CP4E4 en CP4K4) die via 

een cholesterol-anker in de lipide membraan van respectievelijk de nanodeeltjes en HeLa 

cellen werden aangebracht. De coiled-coil vormende lipopeptides zorgden voor de 

intracellulaire opname van CytC-geladen MSN deeltjes door middel van membraan-fusie van 

de lipide bilaag van de nanodeeltjes met het plasmamembraan van HeLa cellen. Vervolgens 

leidde de afgifte van CytC in het cytosol tot de activatie van apoptotische processen 

resulterend in celdood.  

Naast de intracellulaire afgifte van eitwitten voor potentiele vaccinatie (OVA) en 

kankertherapie (CytC) gebruikten we ons MSN-gebaseerde eiwit-afgifte systeem ook voor 

andere klinische toepassingen zoals een erythrocyten-mimic. Hemoglobine (Hb), het meest 

voorkomende eiwit in bloed, is verantwoordelijk voor zuurstof-transport in het lichaam. 

Celvrije Hb wordt echter snel afgebroken en is te toxisch om als bloedvervanger te dienen. In 

de afgelopen decennia zijn daarom diverse nanodeeltjes getest voor de inkapseling of 

chemische conjugatie van Hb als een mogelijk universele bloedvervanger. In Hoofdstuk V 
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werden Hb-gebaseerde zuurstof dragers gefabriceerd door MSNs te gebruiken om Hb in te 

kapselen en vervolgens af te dekken met een lipide-bilaag om de colloïdale stabiliteit te 

verhogen. De lipide-bilaag bestond uit fosfolipiden (DOPC, DOPE) en PEG-gemodificeerde 

lipiden (PEG2000PE) die dienden om de circulatietijd in de bloedcirculatie te verlengen. De 

bio-distributie en circulatie van deze nanodeeltjes getest in zebravis embryo’s als een 

alternatief in vivo proefdiermodel voor real-time beeldweergave. Na injectie verspreidden de 

nanodeeltjes zich snel in de bloedbaan.  

De MSNs die beschreven werden in dit proefschrift kunnen naast belading met 

therapeutische eiwitten voor vaccinatie, kankertherapie en kunstmatig bloed (Hoofdstukken 

III, IV en V) ook ingezet worden als nanotransporter voor een wijd scala aan eiwitten voor 

andere biomedische toepassingen. Bijvoorbeeld lysozyme, dat van nature een antimicrobieël 

enzym is komt veelvuldig voor in de natuur. Echter de antimicrobiële effectiviteit is beperkt 

door de lage stabiliteit en matige opname door bacteriën. MSNs zouden, als transportmidel 

voor allerlei antimicrobiële eiwitten, de effectiviteit van deze eiwitten kunnen verbeteren door 

verhoging van hun stabiliteit en opname door bacteriën. Andere toepassingen zijn mogelijk op 

het gebied van weefsel-engineering, waarbij groeifactoren gebruikt worden om de groei van 

bepaalde weefsel te stimuleren. Echter veel van deze groeifactoren hebben inherent lage 

stabiliteit in de bloedbaan en dus een korte levensduur na toediening. MSNs met hun 

excellente biocompabiliteit en aanpasbare structuur zijn mogelijk geschikt voor het laden en 

gecontroleerd lossen van een reeks van deze groeifactoren.  

Talrijke eiwitten moeten intracellulair vervoerd worden om hun therapeutisch effect te 

bereiken, dit vereist custom-designed nanocarriers voor ieder probleem. Bijna elk eiwit vereist 

endolysosomale ontsnapping om de gewenste subcellulaire compartimenten te bereiken. Een 

van de weinige uitzonderingen is catalase, dat actief is in het zure milieu van endosomen en 

ischemisch pathologische foci (pH4-6) en waterstofperoxide onschadelijk maakt bij 

behandeling van vasculaire oxidatieve stress.  

Compartimentalizatie is in de biologie een belangrijke methode om reactieve moleculen 

te scheiden in een cel.68 Geinspireerd door deze compartimenten in cellen kan co-encapsulatie 

van meerdere enzymen in MSN een veelbelovende methode zijn om een synthetische cel te 

creëren. Bijvoorbeeld, gebaseerd op de resultaten van hoofdstuk V kunnen anti-oxidatie 

enzymen (superoxide dismutase en catalase) toegevoegd worden aan hemoglobine-bevattende 

zuurstofdragers (LB-MSNs) om de complexiteit in structuur en functie te verhogen en deze 

erythrocyten-mimic te beschermen tegen ernstige hypoxia.  
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Behalve eiwitten kunnen ook andere functionele biomoleculen zoals siRNAs worden 

geladen in dit nieuwe type MSN en vervolgens afgeleverd worden in cellen. Sinds de eerste 

publicatie over gene silencing in dierlijke cellen in 1998 wordt RNA interferentie (RNAi) 

wereldwijd gezien als een veelbelovende technologie voor behandeling van ziektes. Echter 

een belangrijk obstakel voor klinische toepassing is het gebrek aan geschikte transporters om 

short interfering (si) RNAs af te leveren. siRNAs zijn geschikt als medicijn omdat ze niet 

hoeven te integreren in het genoom en omdat ze eenvoudig te synthetiseren zijn.  Niet minder 

dan 22 RNAi-gebaseerde drugs hebben hun weg gevonden tot klinische trials. Zoals ook met 

eiwitten het geval is, zal voor de afgifte aflevering van siRNA in cellen een aantal hordes 

genomen moeten worden aangezien siRNAs niet membraan-permeabel zijn en gevoelig voor 

afbraak door lichaamsvloeistoffen. Om siRNAs in het cytoplasma te krijgen wordt een 

verscheidenheid aan nanodeeltjes toegepast. De bestaande literatuur beschrijft MSNs als niet-

virale vector voor siRNA afgifte. Deze MSNs beschikken over het kationische 

polyethyleenimine (PEI) aan het oppervlak en kunnen door middel van electrostatische 

interacties siRNAs binden. Bekend is dat siRNAs met een lengte van 21 tot 23 basenparen 

(~13 kDa) meerdere negatieve ladingen bevatten en zodoende vergelijkbaar zijn met het 

negatief geladen α-lactalbumine (14.2 kDa, pI 4.5). Encapsulatie van siRNAs door PEI-

gemodificeerde MSNs kan worden gevolgd door bedekking met een lipide bilaag die voorzien 

kan worden van fluorescerende kleurstoffen, of targeting moleculen voor imaging en 

targeting. Toekomstige studies zullen de potentiële toepassingen van dit nieuwe type MSNs 

met of zonder lipide laag als delivery systeem voor biomacromoleculen moeten aantonen.  
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