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Abstract 15 

Immobilization of enzymes usually improves the recyclability and stability and can 

sometimes also improve the activity compared to enzymes free in solution. Mesoporous silica 

is a widely studied material as host for immobilized enzymes because of its large internal 

surface area and tunable pores. It has previously been shown that the pore size is critical both 

for the loading capacity and for the enzymatic activity; however, less focus has been given to 20 

the influence of the particle size. In this work the effect of particle size and particle 

morphology on the immobilization of lipase from Mucor miehei and Rhizopus oryzae have 

been investigated. Three kinds of mesoporous silica, all with 9 nm pores but with varying 

particle size (1000 nm, 300 nm and 40 nm) have been synthesized and were used as host for 

the lipases. The two lipases, which have the same molecular size but widely different 25 

isoelectric points, were immobilized into the silica particles at varied pH values within the 

interval 5 to 8. The 300 nm particles were proven to be the most suitable carrier with respect 

to specific activity for both enzymes. The lipase from Mucor miehei was more than four times 

as active when immobilized at pH 8 compared to free in solution whereas the difference was 

less pronounced for the Rhizopus oryzae lipase. 30 

Keywords: Mesoporous silica, immobilization, enzymes, lipase, biocatalysis, particle 

morphology 

Abbreviations: 

MPS mesoporous silica 

SBA-15 Santa Barbara Amorphous type material 35 

HMM Hiroshima Mesoporous Materials 

TEOS tetraethylorthosilicate 

CTAB cetyltrimethylammonium bromide 

AIBA 2,2′-azodiisobutyramidine dihydrochloride 

pNPA 4-nitrophenyl acetate 40 

DMSO dimethyl sulfoxide 
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1 Introduction 

Ordered mesoporous materials can be used as host for enzymes [1-3], as well as for 

synthetic homogeneous catalysts [4,5]. No covalent immobilization is needed provided the 

pores have suitable diameter; the soluble catalyst resides in the pores and meets the substrate 45 

at the pore openings. Particles loaded with an enzyme or a homogeneous catalyst in the water-

filled pores are either dispersed in an aqueous [1-4] or a non-aqueous [6,7] solution in which 

the reactants are dissolved. The reverse has also been described: particles with hydrophobized 

pores housing a hydrophobic homogeneous catalyst dissolved in an apolar medium and with 

water as the surrounding phase [5]. The approach of having the soluble catalyst entrapped in 50 

the pores of a mesoporous material is attractive from several points of view. The systems are 

robust and the work-up procedure is extremely facile; the catalyst-loaded particles are simply 

removed from the reaction mixture by filtration or centrifugation. It has been shown both for 

an enzyme [6] and for a synthetic homogeneous catalyst [5] that the loaded particles can be 

reused several cycles. 55 

Ordered mesoporous materials are materials with pores typically in the size range of 2 to 

15 nm with either hexagonal or cubic geometry. Most mesoporous materials used as host for 

soluble catalysts are silicates but other mesoporous oxides, such as alumina and titania have 

also been employed for the purpose [6]. The materials are made by a templating procedure, 

using an organic template that is subsequently removed by solvent extraction or by 60 

calcination or by a combination of these. The pore dimension can be tailored with high 

precision by the choice of templating molecule and by the synthesis conditions [8]. The 

ability to tailor-make the mesoporous material with respect to pore size is attractive when the 

pores are used as hosts for catalysts and we [9] and others [10-12] have studied and 

determined the optimum size to house a specific enzyme. In a recent publication we have 65 

shown that for Mucor miehei lipase with a molecular weight of 32 000 Da and a 
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hydrodynamic diameter of 4.5 nm, pores with a diameter of 9 nm were optimal while for 

trypsin that has a molecular weight of 23 000 Da and a hydrodynamic diameter of 3.8 nm, 6 

nm pores were optimal [9]. 

While several papers deal with the issue of pore dimension to achieve best results with an 70 

enzyme entrapped in a mesoporous material, there exists to the best of our knowledge no 

systematic study of the role of particle size on the efficiency of a biocatalytic process with the 

enzyme entrapped in the pores of particles of a mesoporous material. One may anticipate that 

smaller particles would be beneficial because the larger surface to volume ratio should mean 

increased exposure of pore opening toward the surrounding phase but this seems not to have 75 

been properly investigated. 

We here report synthesis and characterization of mesoporous silica particles with 

dimensions of 1000, 300 and 40 nm, all having pores with a diameter of 9 nm. The materials 

were used as hosts for two enzymes: the same Mucor miehei lipase that was used in the 

previous study and a lipase from Rhizopus oryzae. The two lipases were chosen because they 80 

have the same molecular weight, 32 000 Da, but they differ widely in isoelectric point (pI). 

The Mucor miehei lipase has a pI of 3.8 while the pI of the lipase from Rhizopus oryzae is 7.6. 

The use of enzymes of same size but different net charge opens possibilities to assess the 

importance of the interactions between the enzyme and the pore walls. In order to shed light 

on such interactions loading of the enzymes were performed at different pH values within the 85 

interval 5 to 8. 

The pore dimension, 9 nm, was chosen since, as mentioned above, we have previously 

found that size to be optimal for the Mucor miehei lipase. Thus, in this work no further 

optimization of the pore diameter was made. 
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2 Experimental 90 

2.1 Chemicals 

Pluronic P123 (EO20PO70EO20, Mw = 5 800), cetyltrimethylammonium bromide (CTAB, 

≥99%), tetraethylorthosilicate (TEOS, ≥99%), α,α′-azodiisobutyramidine dihydrochloride 

(AIBA, 97%), L-lysine (≥98%), hydrochloric acid (37 wt%), 4-nitrophenyl acetate (pNPA) 

and dimethyl sulfoxide (DMSO, ≥99.9%) were all purchased from Sigma. 95 

2.2 Enzymes 

The two enzymes investigated, lipase from Mucor miehei (MML, ≥ 4 000 units/mg solid 

(using olive oil)) and lipase from Rhizopus oryzae (ROL, ≥ 30 units/mg solid (using olive 

oil)) were purchased from Sigma and used without further purification. These two lipases are 

similar in size and structure but they differ in isoelectric point (pI). MML has a pI of 3.8 and 100 

the pI of ROL is 7.6. 

2.3 Preparation of the mesoporous silica materials 

In this study, mesoporous silica materials with three different particle morphologies were 

used as hosts for the enzymes. Two of the materials are called SBA-15 and were synthesized 

using protocols adapted from Zhao et al. [13,14] and Johansson et al. [15], where Pluronic 105 

P123 is used as structure directing agent and TEOS as the silica source. In the first synthesis 

4.0 g of P123 and 8 g of K2PO4 were dissolved in 120 g of 2 M HCl and 30 g of deionized 

water. The mixture was vigorously stirred at 35 °C until the polymer was dissolved. 8.5 g of 

TEOS was added and the solution was stirred at 35 °C for an additional 8 minutes and then 

kept under static conditions for 24 h. The gel mixture was transferred to a stainless steel 110 

pressure autoclave with Teflon container and was aged for 24 h at 140 °C. The solid 

precipitate was recovered by vacuum filtration, washed with deionized water and dried. 
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Finally, the template was removed from the product through calcination in air, going from 

room temperature to 550 °C during 8 h followed by heating at 550 °C for another 6 h. 

In the second synthesis, 2.4 g of P123 and 0.028 g of NH4F were dissolved in 80 ml 1.83 115 

M HCl solution. The mixture was stirred at 20 °C until the polymer was dissolved. 1 ml 

heptane was premixed with 5.5 ml TEOS and then added to the micellar solution. The 

reaction mixture was kept under vigorous stirring for 4 min and then under static conditions 

for 1 h. After the reaction the solution was transferred to a Teflon flask for hydrothermal 

treatment at 100 °C for 24 h. The product was filtered and washed with distilled water. 120 

Finally, the product was calcined at 550 °C for 5 h with a ramp of 5 °C/min. 

The third material is called Hiroshima Mesoporous Materials (HMM) and was 

synthesized using a protocol adapted from Nandiyanto et al. [16], where CTAB is used as the 

structure directing agent, TEOS as silica source, octane and styrene as hydrophobic 

components and lysine as a catalyst and as an agent to control particle growth. An oil-in-water 125 

emulsion was formed with styrene, octane and TEOS constituting the oil phase. Hydrolysis 

and condensation of TEOS into silica and polymerization of styrene into polystyrene were 

taking place simultaneously inside the drops. In the synthesis 4.0 g of CTAB was mixed with 

124 g deionized water, 39.7 g n-octane and 90 mg L-lysine and the mixture was vigorously 

stirred for 1 h at 70 °C. 5.54 g styrene monomer, 4.0 g TEOS and 155 mg AIBA were added 130 

to the system and the mixture was stirred and kept under a N2 atmosphere at 70 °C for 20 h. 

Prior to use the styrene monomer had been prewashed with 2.5 M NaOH to remove the 

stabilizer. Then the suspension was decanted into a funnel and cooled to room temperature 

overnight. Finally, the octane was evaporated and the precipitate recovered through 

calcination, going from room temperature to 550 °C during 8 h followed by heating at 550 °C 135 

for 6 h. 
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2.4 Characterization 

Transmission electron microscopy (TEM; JEOL JEM-1200 EX II TEM), operated at 120 

kV, was used to determine the pore structure and also the particle size of HMM. The samples 

were grinded, dispersed in ethanol, put in an ultrasonic bath and then dropped onto a holey 140 

carbon-coated copper grid. The ethanol was subsequently evaporated. 

The morphology of the MPS particles was characterized by scanning electron 

microscopy (SEM; Leo Ultra 55 FEG SEM). 

Small angle X-ray scattering (SAXS) experiment on MPS-40 was performed at the 

MAX-lab I911-4 beamline in Lund, Sweden. The beam (1.2 Å × 1.2 Å) with a radiation 145 

wavelength of 0.91 Å was focused on the detector. The data were collected with a two-

dimensional Mar165 CCD detector. The distance between sample and collector was 2.0 m 

and the q-range was 0.01-0.3 Å
-1

. The measurement time was 360 s. The SAXS measurement 

on MPS-300 was performed on a PANalytical Empyrean with a radiation wavelength of 1.54 

Å. 150 

Nitrogen sorption isotherms were measured using a Micromeritics ASAP 2010 

instrument. Prior to the measurements the calcined MPS samples were degassed in vacuum at 

225 °C for 2 h. The pore size distributions were determined using the BJH (Barrett–Joyner–

Halenda) method based on the adsorption isotherms [17] and the surface area was determined 

using the BET (Brunauer–Emmett–Teller) procedure [18]. 155 

Surface tension measurements of the lipase solutions were performed using an optical 

tensiometer, Attension, Theta Lite, KSV Instruments in pendant drop shape analysis. 

2.5 Enzyme immobilization 

18.75 mg of mesoporous silica were dispersed in 500 µl 100 mM potassium phosphate 

buffer at pH 6 and sonicated for 10 minutes to prevent particle agglomeration. 250 µl of 160 
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MML or ROL solution (2 mg/ml), dissolved in the same buffer, were added to the dispersion 

and the mixture was shaken for 24 hours at 25 °C using a thermomixer. The particles were 

washed three times with 500 µl phosphate buffer and separated from the buffer by 

centrifugation. The amount of immobilized lipase was estimated by measuring the residual 

protein concentration in the supernatant with UV adsorption at 280 nm using an Agilant 165 

HP8453 spectrophotometer. 

The silica material giving rise to the most active lipase was used further to study pH 

dependence of MML and ROL during immobilization, using phosphate buffers at pH 5, 6, 7 

and 8. 

2.6 Lipase activity assay 170 

The activity of immobilized lipase was estimated by monitoring the catalytic hydrolysis 

of 4-nitrophenyl acetate (pNPA) into 4-nitrophenol (pNP, εmolar = 14 200 M
-1

cm
-1

). Lipase-

loaded mesoporous silica was resuspended in 1 ml phosphate buffer (50 mM, pH 7). The 

particles were separated from the buffer through centrifugation (5 min, 16 000 G), the 

supernatant was removed and new buffer was added. This procedure was repeated in order to 175 

remove any released enzyme. Due to poor solubility in water pNPA was dissolved in DMSO 

and then dropwise added to the buffer. The dispersed and washed sample was added to the 

substrate solution and incubated at 37 °C for 1 h. The amount of pNP was determined 

spectrophotometrically at 400 nm. The specific activity was defined as product yield/mass of 

enzyme (µM pNP/µg lipase). The stability of the lipase loaded materials was studied by 180 

measuring the activity of the samples over time. The same assay was used for lipase free in 

solution. No catalytic activity was observed for mesoporous silica without encapsulated 

lipase. 
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2.7 Leakage 

Throughout the activity measurements the amount of lipase that had leached out of the 185 

porous particles was analysed by collecting the supernatants from the washing step and 

measuring the residual protein concentration with UV spectroscopy at 280 nm. 

3 Results and discussion 

3.1 Characterization of mesoporous silica 

Three types of mesoporous silica materials with varying particle size and morphology but 190 

with similar pore size were synthesized and used as support for two different lipases. The 

morphological and structural characterization of the mesoporous silica particles was 

performed by the combined use of SEM, TEM, nitrogen physisorption and SAXS. The 

obtained materials are referred to as MPS-X, where X is the particle size in nanometer. 

In the first synthesis an inorganic salt (K2PO4) was added to the SBA-15 protocol. The 195 

conventional synthesis of SBA-15 yields rod-shaped particles, condensed into clusters [9]. 

The addition of the potassium salt together with the use of static conditions during the 

condensation resulted in particles with a different type of morphology. The particles were 

broader and shorter and were also less aggregated compared to the regular rod-shaped 

particles (Fig. 1a). It has previously been shown that some inorganic salts of polyvalent 200 

anions can enhance the interaction between silica species and the polyoxyethylene segments 

of the nonionic block copolymer, thereby affecting the morphology of the silica particles 

[19,20]. It has also been demonstrated that particle agglomeration can be avoided by 

decreasing the stirring time during the silica condensation step [21]. The size of the particles 

obtained by the modified SBA-15 synthesis was around 1000 nm (MPS-1000). 205 

In the second synthesis, which is also a modified SBA-15 procedure, smaller particles, 

about 300 nm (MPS-300) with a rod-shaped morphology, were obtained by decreasing the 
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stirring time in a low temperature synthesis (20 °C) with added heptane and NH4F. It has 

previously been shown that a low temperature during the synthesis in combination with 

additions of heptane and NH4F yields particles with short and wide pores, 12-18 nm in 210 

diameter, depending on the heptane concentration. The particles attach to each other to form 

fibers or sheets depending on the synthesis conditions [22]. By decreasing the stirring time 

and increasing the HCl concentration, the particle agglomeration can be avoided by 

passivation of the hydroxyl groups on the particle surfaces and by reducing the hydrolysis and 

condensation rates of TEOS [20]. Here, the amount of heptane in the reaction mixture was 215 

decreased compared to previous works in order to decrease the pore diameter to 9 nm, This 

yielded even shorter particles compared to previous studies. The particles are shown in Fig. 

1b. 

The smallest particles (MPS-40) were obtained by an entirely different procedure 

compared to the SBA-15 synthesis [16]. An emulsion was formed with styrene, octane and 220 

the silica source, TEOS, constituting the oil phase. A cationic surfactant, CTAB, was used as 

emulsifier. Silica condensation and styrene polymerization were initiated simultaneously 

inside the oil drops, resulting in a composite material with isolated domains of silica and 

polystyrene. The particles were prevented from growing by the presence of an amino acid, L-

lysine, which covered the composite particles formed. Spherical mesoporous silica particles 225 

around 40 nm in diameter were obtained after removal of the surfactant and the polystyrene 

by calcination (Fig. 1c and 1d). 

Typical TEM micrographs of calcined MPS-1000 and MPS-300, shown in Fig. 2a and 

2b, respectively displayed hexagonal patterns with long range order and uniform pores. The 

TEM micrographs of MPS-40 (Fig. 2c and 2d), showed quite monodisperse particles but with 230 

non-ordered pore structure. Instead of cylindrical uniform pores, as for MPS-1000 and MPS-
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300, the pores were slit-shaped and more varied with respect to both size and shape. A 

particle size around 40 nm was confirmed. 

N2-sorption isotherms of the calcined materials, shown in Fig. 3a, confirm the pore 

structure observed in the TEM micrographs. MPS-1000 and MPS-300 both exhibit an 235 

adsorption-desorption isotherm type IV and HI hysteresis, characteristic for SBA-15 with 

cylindrical and hexagonally ordered mesopores. MPS-40 also displays a type IV sorption 

isotherm, representative for a mesoporous material but with H3 hysteresis, which is 

characteristic for slit-shaped pores [23]. The pore size distributions (Fig. 3b) for MPS-1000 

and MPS-300 are narrow whereas the distribution is very wide for MPS-40. According to the 240 

BJH method the obtained pores sizes are around 9 nm for all three materials (see Table 1). 

The SAXS patterns of MPS-300 and MPS-40 are shown in Fig. 4a and 4b, respectively. 

For MPS-300 three well-resolved peaks are observed that can be indexed (100), (110) and 

(200), which is characteristic of a two dimensional hexagonal structure. The results are in 

accordance with previous reports [13,14]. As expected, no pore order is observed for MPS-40. 245 

Taken together, the characterization techniques show that the 1000 nm and the 300 nm 

particles have hexagonally ordered uniform pores while the 40 nm particles have slit-shaped 

pores without an ordered structure. The 1000 nm particles have a wide base in relation to the 

length, the 300 nm particles are rod-shaped, and the 40 nm particles are spherical. Important 

for the use of the particles as hosts for lipases is that they all have pores with a medium 250 

diameter of around 9 nm. Values of pore size, surface area, and pore volume of the three 

materials have been collected in Table 1. 

3.2 Immobilization of MML and ROL in mesoporous silica with varying particle size and 

morphology 

The three synthesized mesoporous silica materials were used as hosts for lipases from 255 

Mucor miehei (Mucor miehei lipase; MML) and Rhizopus oryzae (Rhizopus oryzae lipase; 
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ROL). These lipases were chosen because they are similar in size and structure but have 

widely different isoelectric points (see Table 2). 

3.2.1 Loading capacity 

Fig. 5 shows the loading capacity for the three particles. As can be seen, the amount of 260 

encapsulated enzyme for the three materials is very similar for both MML and ROL. Thus, it 

seems that the particle size is not an important parameter for the loading capacity. This is 

counter to what one would anticipate considering that smaller particles mean a larger surface 

area, i.e., more pores exposed to the surrounding water phase, where the enzyme is present. It 

has previously been reported that a smaller particle size results in higher loading of enzymes 265 

[24,25]. However, in those studies the difference in size and character of the porous materials 

was very large: 1-2 m long rods were compared with fibres extending tens of micrometers. 

In this work, all materials consisted of discrete, non-aggregated particles with the same 

average pore size, BET surface area and pore volume, which should make a comparison more 

relevant. 270 

We have previously shown, for MML, that the pore size is critical for the loading 

capacity [9,26]. A pore size of 9 nm was found to give both high loading and good enzymatic 

activity while smaller pores gave both lower loading and much decreased activity. The 

activity of lipase encapsulated in 9 nm pores was, in fact, considerably higher than of lipase 

free in solution. 275 

Fig. 5 shows that 10-20 % more MML is incorporated into the pores compared to ROL 

for all three materials. The two enzymes have the same molecular weight but differ in net 

charge at the pH used for the immobilization (pH 6). As shown in Table 2, MML has a pI of 

3.8 and is thus negatively charged at pH 6 while ROL with a pI of 7.6 carries a net positive 

charge at this pH. A probable explanation to the difference in loading is that whereas the 280 

negatively charged MML diffuses into the pores without adsorbing to the likewise negatively 
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charged walls, the positively charged ROL adsorbs readily to the pore walls and thus never 

reaches as far into the channels. 

3.2.2 Catalytic activity 

Hydrolysis of 4-nitrophenyl acetate (pNPA) into 4-nitrophenol (pNP) was used as model 285 

reaction to test the activity of the encapsulated lipase. The catalytic activity varied 

significantly among the materials despite the fact that the enzyme loading was approximately 

the same. As shown in Fig. 6a and 6b, MPS-300 gave more than twice the yield compared to 

the two other materials for MML and was also considerably better for ROL. For both 

enzymes MPS-40 was slightly better than MPS-1000. Experiments were carried out 290 

immediately after immobilization, as well as after 24 h and 72 h. Fig. 6a and 6b show that the 

entrapped enzymes were quite stable. The slight decrease in yield seen for most of the 

samples during the first 24 h is probably due to enzyme leakage. However, it is interesting to 

see that there is not a marked difference between the two enzymes in this respect despite the 

fact that, as discussed above, the electrostatic interactions with the pore walls should be 295 

repulsive for MML and attractive for ROL. The slight increase that is seen for MPS-300 

(between 24 h and 72 h with MML and between 0 h and 24 h with ROL) may tentatively be 

explained by a rearrangement of the entrapped enzyme into a more favourable position or 

conformation. 

Fig. 6c shows the specific activity of the immobilized lipases. As can be seen, for both 300 

lipases the activity was highest when encapsulated into MPS-300. A probable explanation to 

why the lipases have higher activity in MPS-300 compared to the larger particles, MPS-1000, 

is that the 300 nm particles have shorter pores and therefore a larger relative amount of 

enzyme accessible to the substrate. The lipase is believed to exert its catalytic action at the 

pore openings and enzymes far down the longer pores may not be utilized. 305 
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Along this way of reasoning the smallest particles, MPS-40 would be the best hosts for 

the lipases, i.e., provide the highest activity of enzyme-loaded particles. This was not the case, 

however. We believe that the relatively poor performance of MPS-40 in this respect is due to 

the fact that the pores, according to TEM and nitrogen physisorption, are slit-shaped and also 

have a much broader pore size distribution than the two other materials. We have seen before 310 

that the size of the pores is critical and even if the average pore size of MPS-40 is the same as 

for MPS-300 and MPS-1000, only a small fraction of the pores in MPS-40 are actually around 

the optimum size of 9 nm, see Fig. 3b. 

3.3 Immobilization of MML and ROL in MPS-300 at varying pH 

Electrostatic interactions between the silica surface and enzymes are known to affect the 315 

immobilization [10,27]. To investigate whether the immobilization of MML and ROL could 

be further improved the entrapment was carried out at varying pH values. In this set of 

experiments MPS-300 was chosen as host for the lipases because these particles had proven to 

give both the highest yield and the most active lipase in the model reaction discussed in the 

previous section. 320 

3.3.1 Loading capacity 

The amount of loaded MML and ROL in MPS-300 at pH 5, 6, 7 and 8 is shown in Fig. 

7a. It can be seen that the loading of MML increased with decreasing pH. The isoelectric 

point (pI) of MML is 3.8 and the point of zero charge (pzc) of silica is around 2. Since the pH 

of all the buffers used was above both the pzc for silica and the pI for MML, both the pore 325 

walls and the lipase molecules carried a negative net charge. The lower the pH within the 

series the less pronounced is the negative surface charge of both silica and MML, which 

means lower electrostatic repulsion between MML and silica, as well as between MML 

molecules. The trend is therefore according to expectations. 
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The loading of ROL did not vary much with the pH. The pI of ROL is 7.6, which means 330 

that the enzyme has a positive net charge at pH 5, 6 and 7 and is slightly negatively charged at 

pH 8. The lower the pH within the interval 5-7, the more pronounced is the positive net 

charge of ROL but the less pronounced is the negative surface charge of silica. It is therefore 

not obvious how the Columbic attraction between the lipase and the pore walls will vary with 

pH. The repulsion between ROL molecules will, however, increase with a reduction in pH. At 335 

the highest pH, pH 8, one may at first anticipate a repulsive interaction between the slightly 

negatively charged ROL and the strongly negatively charged silica surface. However, this 

may not be the dominating interaction. The enzyme may adopt a conformation such that it 

exposes positively charged groups toward the silica surface, leading instead to an attractive 

enzyme-silica interaction, similar to the situation at the lower pH values. It is known that 340 

enzymes adsorb readily at negatively charged surfaces also well above their pI [28,29]. 

Fig. 7b and 7c show the leakage of MML and ROL, respectively, after 24 h at varying 

pH. One may note that for MML, where both the enzyme and the pore walls are negatively 

charged, there is considerable leakage, particularly at the lower pH values. For ROL, on the 

other hand, where one can assume attractive interactions – caused by an increase in entropy as 345 

a result of release of counterions [30] – there is virtually no leakage during the first 24 h. 

Extending the time beyond 24 h gave no further leakage of any of the lipases. 

3.3.2 Catalytic activity 

The catalytic activity of MML and ROL immobilized in MPS-300 particles at varying 

pH was studied during 360 h and was compared with the two lipases free in solution. The 350 

lipases are referred to as MML-Y or ROL-Y, where Y is the pH of the buffer during the 

immobilization. The enzymatic reactions were all carried out in 50 mM phosphate buffer of 

pH 7. Fig. 8a shows that the yields obtained with MML entrapped in the mesoporous silica 

were quite similar despite the large difference in loading amount (Fig. 7). For MML-5 the 
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product yield was significantly lower after 96 h compared to the initial yield. MML-6 also 355 

showed a slight initial decrease in yield. A probable explanation to this initial drop in product 

yield is the leakage during the first 24 h, which, as shown in Fig. 7 and discussed above, was 

more pronounced the lower the pH during the immobilization. For MML-7 there was no 

decrease in yield and MML-8 even exhibited a slight increase in product yield with time. This 

yield increase may be due to a rearrangement of the lipase into a more favorable position or 360 

conformation, as discussed in Section 3.2.2. Throughout the 360 h of measurements the 

immobilized MML remained stable whereas MML free in solution lost more than 65 % of its 

initial activity. 

ROL entrapped in the mesoporous particles exhibited a different behavior with respect to 

the pH during the immobilization. As can be seen in Fig. 8b, entrapment at pH 7 and 8 gave 365 

considerably higher yield than when the entrapment was made at pH 5 and 6. (One should 

recall that the activity tests were all conducted at pH 7; it is only the pH of the immobilization 

that differs.) Since the amount of ROL loaded into the particles is approximately the same 

regardless of the pH and the leakage is negligible (see Fig. 7), this indicates that the enzyme 

loses activity during immobilization at the lower pH values. Fig. 8b also shows that ROL free 370 

in solution gives approximately the same yield as the best immobilized enzymes and remains 

stable with time. The pronounced difference between MML, for which entrapment into the 

pores of mesoporous silica is highly advantageous, and ROL, for which the native enzyme is 

as effective as the immobilized, is interesting and an attempt to explain the reason for this 

difference is made below. 375 

Looking at the specific activity (Fig. 8c) instead of product yield it becomes very clear 

that both MML and ROL were most active when immobilized at pH 8 and that the activity 

decreased with decreasing pH during the immobilization. (Again, it should be emphasized 

that all activity tests were performed in a phosphate buffer of pH 7.) This means that for 
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MML, the more than four times higher loading that was achieved at pH 5 compared to pH 8 380 

was outweighed by a corresponding decrease in specific activity. The results point at the 

importance of immobilizing MML in its most active state, i.e., at pH 8. Thus, it appears that 

the conformation attained during the entrapment at a certain pH is to some extent conserved 

after the immobilization. 

Fig. 8c also shows that the specific activity of MML-8 was more than four times as high 385 

as of MML free in solution. Many lipases, including MML and ROL, are characterized by a 

lid that covers the active site in solution and which exposes it when in contact with a 

hydrophobic surface. As discussed in our previous communication, the environment inside 

the pores may be favorable for activating the lipase [9]. Many of the silanol groups situated 

on the silica surface are lost during the calcination step, which leads to the pore walls being 390 

relatively hydrophobic. Therefore an interfacial activation of lipase in contact with the pore 

walls seems reasonable. The interfacial activation of ROL was much less pronounced, 

however. 

Surface tension measurements of the two lipases (2 mg/ml) in phosphate buffer pH 7 

gave a surface tension of MML of 47 mN/m whereas the surface tension of ROL was 60 395 

mN/m. The same surface tension values were obtained both with 100 mM buffer, which 

corresponds to the electrolyte concentration during the immobilization, and with 50 mM 

buffer, which is the electrolyte concentration used in the activity tests. Thus, MML is 

considerably more surface active than ROL. This indicates that MML will interact more 

strongly with hydrophobic patches on the silica pore walls, which could explain why its 400 

activity is more enhanced when situated inside the pores compared to ROL. 

The surface charge of the lipase molecules can also be a contributing factor to the 

difference in interfacial activation. Depending on how the surface charges are distributed over 

the lipase molecules the enzymes can be bound to the silica walls in different manners, and 
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the lid might either be facing the silica surface or the bulk. Comparing the amino acid 405 

sequences of MML and ROL shows that the amount of charged amino acid side chains 

differs, hence the difference in pI. MML has 28 polar acidic side chains and 21 polar basic 

side chains whereas ROL has 22 polar acidic side chains and 31 polar basic side chains. 

However, the tertiary structure of ROL is not known and therefore it is not possible to 

compare the surface charge distribution in space between the two enzymes. Thus, it is 410 

difficult to relate the known difference in amount of positive and negative charges of the two 

enzymes to possible differences in interaction of the lids with the pore walls. 

4 Conclusions 

Three types of discrete mesoporous silica particles with varying particle morphology and 

particle size (1000 nm, 300 nm and 40 nm) were synthesized. When immobilizing lipase from 415 

Mucor miehei (MML) and Rhizopus oryzae (ROL) into the pores of the three particle types it 

was found that the loading did not differ significantly. However, the specific activity was 

clearly affected by the particle size and morphology. Both lipases were most active when 

immobilized into the 300 nm particles. Immobilization into these particles was further studied 

at different pH values within the interval 5 to 8. The loading of MML was more than four 420 

times higher at pH 5 compared to pH 8. The specific activity, determined at a pH of 7, 

followed an opposite trend with the particles loaded at pH 8 being the most active. The 

loading of ROL did not vary much with the pH, while the specific activity of ROL was also 

highest when immobilized at pH 8. The results point at the importance of immobilizing both 

MML and ROL in their most active states, i.e., at pH 8. Immobilized MML was much more 425 

active compared to MML free in solution whereas for ROL there was not much difference in 

activity between free enzyme and enzyme immobilized at pH 8. The fact that MML but not 

ROL became much more active when entrapped in the pores than free in solution may be due 
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to MML being much more surface active than ROL. MML is therefore likely to interact more 

strongly with the relatively hydrophobic pore walls. It is well known that most lipases become 430 

activated through interaction between the lid covering the active site and a surface. The 

difference in surface charge of the two lipases can also be a contributing factor to the 

difference in interfacial activation. 
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7 Tables 

Table 1. Material properties of mesoporous silica particles analyzed by nitrogen adsorption. 490 

Material 

 

BJH pore 

width (nm) 

BET surface area 

(m2/g) 

Total pore volume 

(cm3/g) 

MPS-1000 9.3 502 1.18 

MPS-300 9.4 606 1.03 

MPS-40 9.1 463 0.91 

 

Table 2. Isoelectric point (pI) and molecular weight (MW) of Mucor miehei lipase (MML) and Rhizopus oryzae 

lipase (ROL). 

Enzyme pI MW  (kDa) 

MMLa 3.8 32 

ROLb 7.6 32 
a
 Reference [31]. 

b
 Reference [32]. 495 
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8 Figure captions 

Fig. 1. SEM micrographs of the mesoporous silica particles. (a) MPS-1000, (b) MPS-300, (c) MPS-40, and (d) 

close-up of MPS-40. 500 

Fig. 2. TEM micrographs of the mesoporous silica particles.  (a) MPS-1000, (b) MPS-300, (c) MPS-40, and (d) 

close-up of MPS-40. 

Fig. 3. Nitrogen sorption measurements. (a) Nitrogen adsorption-desorption isotherms and (b) the pore size 

distribution of the mesoporous materials. 

Fig. 4. SAXS patterns of the mesoporous materials. (a) MPS-300 and (b) MPS-40. 505 

Fig. 5. Immobilization of MML and ROL into MPS-1000, MPS-300 and MPS-40 in phosphate buffer of pH 6. 

Fig. 6. (a) Yield of 4-nitrophenol using MML entrapped in MPS-1000, MPS-300 and MPS-40. (b) Yield of 4-

nitrophenol using ROL entrapped in MPS-1000, MPS-300 and MPS-40. (c) Comparison of the specific activity 

for MML and ROL (amount of product/mass of enzyme) entrapped in MPS-1000, MPS-300 and MPS-40. 

Fig. 7. (a) Immobilization of MML and ROL into MPS-300 in phosphate buffers of pH 5, 6, 7 and 8. Amount of 510 
(b) MML and (c) ROL in MPS-300 initially and after 24 h exposure to water. 

Fig. 8. (a) Yield of 4-nitrophenol using MML entrapped in MPS-300 at pH 5, 6, 7 and 8. (b) Yield of 4-

nitrophenol using ROL entrapped in MPS-300 at pH 5, 6, 7 and 8. (c) Comparison of the specific activity for 

MML and ROL (amount of product/mass of enzyme) at pH 5, 6, 7 and 8. 

 515 
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9 Figures 

 

Fig. 1. 

 520 
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Fig.2. 
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Fig. 8. 
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