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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). 



Lipid Bilayer-Coated Mesoporous Silica Nanoparticles Carrying Bovine Hemoglobin as an Erythrocyte Mimic 

101 
 

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 



Lipid Bilayer-Coated Mesoporous Silica Nanoparticles Carrying Bovine Hemoglobin as an Erythrocyte Mimic 

105 
 

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-



Chapter V 

106 
 

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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