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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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