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ABSTRACT 
 
The adsorption of cytochrome c onto mesoporous silica (MCM-41) was investigated in 

this study. MCM-41 was synthesized and characterized by different methods. The pore 

size of MCM-41 was calculated from each method an all were in agreement with each 

other. Result from SAXS method showed a well ordered 2D hexagonal structure of MCM-

41. To investigate the effect of pH on adsorption process, different buffers were used with 

various pH in the range from 3.8 to 10.7. It was observed that the maximum adsorption 

occurs at pH near the isoelectric point of cytochrome c. The surface charges of 

cytochrome c and MCM-41 play an essential role for the process of adsorption. 

Desorption of cytochrome c from MCM-41 was investigated as well. Pure water and 

buffers with pH 7.1 and 10.7 were used to study desorption. The result shows that 

desorption of cytochrome c from MCM-41 takes place at a pH above its isoelectric point. 
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INTRODUCTION 

 

Protein adsorption into mesoporous materials 

The interaction between proteins and different interfaces has attracted attention among 

various areas of science like pharmaceutical science, surface engineering and food 

industry. Protein adsorption is involved in early stage of biofouling in biomedical and 

biotechnological systems e.g. biofouling of cardiovascular implants, teeth and dental 

restorative materials, artificial kidney membranes and so on
1
. In food industry the similar 

process leads to adverse consequences of deposited proteins at heat exchangers in food 

processing equipments
2
. Protein adsorption is involved in blood clotting and heart disease 

as well
3
. But in many applications it occurs on purpose, for examples: biosensors are made 

of surface-bound proteins on biotechnological devices
4-6

.
 
In the pharmaceutical field the 

prominence of proteins as therapeutic agents has increased the interest of protein 

adsorption in relation to drug delivery system, drug targeting and controlled release 

systems
7, 8,9

. Moreover, adsorbed proteins are basically responsible for biocompatibility of 

medical devices
10

. Therefore it is essential to understand the protein adsorption 

mechanism for developing efficient analytical methods and advanced drug delivery 

systems
7
. 

The major forces, which are involved in the adsorption, are electrostatic and hydrophobic 

interactions. Proteins are in general large and amphipathic molecules and can be adsorbed 

onto almost all surfaces
11

. Surface properties of the adsorbent have influence on this 

process e.g. hydrophobicity and electrical charge, which has been the main subject of 

many investigations and studies
12, 13

. 

Another matter of interest is the adsorption of proteins onto mesoporous materials, which 

has attracted grate attention after its first description by Yanagisava et al
14 

and Beck et al
 

15, 16
 in 1990 and 1992. However the immobilization of biomolecules in the porous 

materials turns to 1970s, which was pioneered by Weetall
17

. In 2001 a new property of 

MCM-41 was investigated as a drug delivery system
18

. Ordered mesoporous materials 

include four important features, which make them good candidates for drug delivery 

system: high ordered and homogenous pores, high pore volume, high surface area and 

silanol-groups at the surface, which can be modified in order to control the drug loading or 
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releasing
19-21

. They are great carriers for delivery of small molecular weight drugs as well 

as macromolecules like proteins and peptides. Their low toxicity and good 

biocompatibility are other important qualities of these materials
22,23

. 

Many investigations have been done to study the adsorption isotherms of biomolecules 

onto mesoporous materials with various approaches. Balkus et al
23,24 

have studied 

adsorption of cytochrome c, papain and trypsin onto MCM-41, SBA-15 and layered 

niobium oxide NB-TMS4. They have shown that the adsorption of proteins is dependent 

on pore sizes of the materials. Takahashi et al
26

 have investigated the adsorption of horse 

radish peroxidase and subtilisin on to FSM-16, MCM-41 and SBA-15. They did not 

observe any significant amount of adsorbed protein in case of SBA-15, despite its large 

pore size. The main factor that steered the adsorption was negatively charged group of the 

surfaces, which interacted with positively charged residues on the proteins. 

However an explanation of adsorption process based on a spherical protein shape with an 

evenly charge distribution is not satisfying. The main problem is that the distribution of 

charges on proteins is asymmetric. Hence that group of amino acids, which is in contact 

with the surface, can bear another charge than the overall net charge of the protein
7
. 

Solving the Poisson- Boltzmann equation at charged interfaces shows a varying 

distribution of ions near the interface
27

, results in a pH at interface, which differs, from the 

bulk pH. Thus proteins may rearrange and have another charge at interface than that 

expected charge in the bulk.  

Cytochrome c (figure 1) is a heme-protein with a diameter of about 31 Å and a molecular 

weight of 12384 D. It contains hydrophilic groups on its surface, which makes it water-

soluble. Cytochrome c is basic and positively charged under a pH near 10, which is its 

isoelectric point
28

. It shows high affinity to mesoporous materials
29

 and there is a vast data 

about its structure and spectroscopic properties
30, 31

. Therefore it is a great candidate for 

study of interactions between mesoporous materials and proteins.  

 
 

 

 

Figure 1: Cytochrome c 

(http://en.wikipedia.org/wiki/file:cytochrome_c.png) 
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Ordered mesoporous materials: structures and synthesis                                                                                                                                                                                                                                                      

Ordered mesoporous materials have pores, which are uniform in size and shape. Their 

pore diameter range is between 2 to 50 nm and has a large pore volume and surface area 

(>700 m
2
/g). These materials are synthesized by using self-assembled surfactants as a 

template and a sol-gel condensation of oxides around them. MCM-41 is one of those first 

synthesized ordered mesoporous materials possessing hexagonally ordered pores with a 

pore size of 1.5 – 10 nm. MCM-41 is synthesized by using a surfactant with a specific 

length (hydrophobic tail). It is dissolved in a polar solvent and with a concentration above 

the critical micellar concentration (CMC) and at which micelles form a hexagonal 

arrangement. At the same time a precursor of oxide e.g. silica and catalyst are dissolved in 

the same solvent. Several processes occur simultaneously. As the surfactants form the 

micelles, the oxide precursors condense around the micelles
32

. Figure 2 presents this 

process schematically:  

 

 
Figure 2: A schematic formation of MCM-41: first cylindrical micelles are generated. The micelles are 

covered by silicates and undergo hydrolysis and form the hexagonal arrays. (The original picture is from: 

http://www.grin.com/object/external_document.244115/d79b7e7616824f3c403a90ede523246e_large.png) 

 

 

In this paper load and release of cytochrome c on MCM-41 has been studied. It has been 

tried to understand the adsorption behaviour of cytochrome c onto MCM-41 by studying 

the effect of pH, isoelectric point and ionic strength. Release of cytochrome c was studied 

in pure water and buffers with various pH. 
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MATERIALS and METHODS 

Materials 

 

Synthesis of MCM-41 

Hexadecyltrimethylammonium bromide (CTAB) from Sigma-Aldrich was used as 

cationic surfactant, ammonia solution (25%) obtained from Merck was the catalyst and 

tetraethyl orthosilicate (TEOS) from Fluka was served as the silica source.  

 

Buffers 

The buffers with a molarity of 50 mM were prepared by using following formula and the 

pH was adjusted afterword by adding HCL or NaOH if needed: 

 

    (1) 

 

Where  is desired concentration of the buffer in Molar,  is the molecular weight of 

the salt,  is total volume of the buffer in litre and  is mass of needed salt in grams. 

Buffer used for pH 9.6 was sodium bicarbonate buffer including sodium carbonate from 

Merck and sodium hydrogen carbonate from Scharlau. 

 

Potassium phosphate buffer (pH 7.0) was made of potassium phosphate dibasic and 

potassium phosphate monobasic from Sigma-Aldrich. 

 

To make citric acid buffer with pH 3.8 following salts were used: citric acid monohydrate 

obtained from Sigma-Aldrich and sodium citrate from Merck. 

 

Salt solutions 

Two different salt solutions were used with a molarity of 25 mM, to study the effect of 

ionic strength on the adsorption. The salts were: sodium chloride (Merck) and magnesium 

chloride-6-hydrate (Riedel-de Haen). Different valences of salt give different ionic 

strength. 
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Protein adsorption 

Cytochrome c from equine heart, ≥ 95% pure, was obtained from Sigma-Aldrich with 

product number: C2506. It was used without further purification.   

 

Methods 

 

Synthesis of MCM-41 

The procedure used to synthesize MCM-41 is based on a previous published paper
32

. 0.6 g 

hexadecyltrimethylammonium bromide was dissolved in 30 ml Millipore water. 2.45 ml 

ammonia solution (25%) was added. The solution was under stirring and heated to 30 ºC. 

After reaching 30 ºC, 2.68 ml tetraethyl orthosilicate was added to the solution and left 

under these conditions for 24 h. Thereafter it was heated up to 90 ºC for another 24h. After 

which it was filtered and washed a couple of time with Millipore water. The powder was 

calcined, performing following procedure: particles were heated up to 550 ºC, 1 ºC/min, 

stayed at that temperature for 300 min then cooled down to room temperature 5 ºC/min.   

 

Characterization of MCM-41 

Three different methods were used to characterize the mesoporous material: SAXS (Small 

Angle X-ray Scattering), water sorption isotherms and DSC (Differential Scanning 

Calorimetry). 

 

I. SAXS 

To investigate the structure of the MCM-41, calcined samples were analysed by a 

Kratky compact system equipped with a position sensitive detector containing 1024 

channels of width 54.4 µm (Hecus X-ray systems Gmbh, Graz, Austria). Cu Kα 

nickel-filtered radiation of wavelength 1.542 Å was provided by a PW 1830 X-ray 

generator (Philips Analytical X-ray B.V.). Diffractograms were recorded at 25 ºC 

temperature under high vacuum. Recorded diffraction patterns were evaluated using 

3D-view software (MBraun, Graz, Austria). These data were imported in an Excel 

program to calculate  and  was obtained by using equation (2). 
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In general SAXS is used to characterize nanostructured materials. This method is based on 

diffracting of x-rays by a specimen according to Bragg’s law
33

: 

 

     (2) 

 

Where  is the x-ray wavelength,  is spacing between atomic planes or repeat distance 

and  is the incident angle (the angle between incident beam and the normal reflecting 

plane).  

A collimated beam of x-rays is incident on a powdered sample and diffracted by particles. 

The particles are randomly oriented in respect to incident beams, and can reflect the beams 

by a specific plane. For example we can assume that some particles are oriented in that 

way which can reflect the beams by their (100) plane, other particle by their (110) and so 

on. Thus each plane in the sample has own reflections. In other words shape and size of 

the unit cell determines directions of diffractions. The intensity of diffracted beams is 

measured as a function of  (diffraction angle) and results in a diffraction pattern which 

is used to define the structural properties of the specimen
32

. 

 

II. Water sorption isotherm  

Prior to water sorption isotherms measurement two different samples of calcined MCM-41 

were dried in vacuum for two hours. Dried MCM-41 samples were weighed (0.0239 and 

0.0222 g) in glass bottles using a Mettler Toledo balance. The samples were put in two 

desiccators (sodium chloride and magnesium chloride) at room temperature to uptake 

water. The samples were reweighed after one week (reaching equilibrium). Mass of water 

was calculated (0.0158, 0.0007g) and the mass ratio of water to silica was obtained. The 

results are plotted on a reference diagram from a previous study
32

.  

 

III. Differential Scanning Calorimetry  

DSC measurements were made by calorimeter DSC 1 from Mettler Toledo in a 

temperature range of – 70 + 80 ºC. DSC measurements were run on four different 

samples: three samples of MCM-41 which had adsorbed water (in desiccators including 

saturated salt solution: NaCl and KNO3) and one with adsorbed cytochrome c. Three 

samples were weighed in aluminium pans then sealed and run in DSC. One sample was 
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first weighed in the pan and then 1.79 mg water was added. Thereafter the pan was sealed 

and reweighed. All measurements were performed at a heating rate of 5 ºC/min. 

 

Adsorption isotherms of cytochrome c 

A series of cytochrome c solutions were prepared in concentration ranging of 0.025 – 0.4 

wt% by dissolving the protein in buffer solutions of 50 mM and different pH, salt 

solutions and pure water. For each protein adsorption, about 50 mg mesoporous materials 

were suspended in 5 g of each solution in a closed tube. The mixtures were shaken at 

room temperature, 350 rpm between 72 to 96 hours to ensure equilibration of adsorption. 

Prior to measurements of optical absorbance of protein, the mixtures were centrifuged at 

14000 rpm for 20 min in order to avoid the scattering from silica particles. 

 

Desorption of cytochrome c 

In order to perform a desorption experiment first adsorption of cytochrome c was done. 

Four different cytochrome c solutions were prepared with concentrations: 0.025 and 0.2 

wt% by dissolving the cytochrome c in potassium phosphate buffer (pH 7.1) and sodium 

bicarbonate buffer (pH 9.6). Two different types of potassium phosphate buffer (50 mM) 

were used. One included magnesium chloride and the other one sodium chloride (25 mM). 

Adsorption experiments were performed as described in previous section (Adsorption). 

After equilibrium of adsorption the mixtures were centrifuged and supernatants were 

separated from MCM-41. After which 5 g pure water was added to samples that had 

adsorbed cytochrome c from buffers with pH 7.1 and pH 9.6. One sample including 

adsorbed cytochrome c from buffer with pH 9.6 was suspended in sodium bicarbonate 

buffer pH 10.7. All mixtures were shaken at room temperature for four days to ensure 

equilibrium. The mixtures were centrifuged prior to absorbance measurements. Optical 

absorbance of supernatants was measured by UV-vis spectrophotometer after one hour 

and 120 hours. 

 

Spectrophotometry 

Nano Drop
®
, ND 1000, UV-vis spectrophotometer was used to determine optical 

absorbance of cytochrome c. The volume used for performing the measurements was 2.5 

µl. Supernatant of each mixture were separated after centrifuging (14000 rpm, 20 min). 

Absorbance of each solution was measured before and after equilibrium at λ = 409 nm 



11 

 

(407 nm for pH 10.7). A calibration curve was plotted for cytochrome c in each solvent 

based on the absorbance before adsorption. Adsorbed amount of cytochrome c per gram of 

silica was calculated by mass balance before and after equilibrium. 
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RESULTS 

CHARACTERIZATION OF MCM-41 

 

SAXS 

MCM-41 was synthesized in different batches and all of them were analysed by X-ray 

after calcination. The diffractogram of the materials from SAXS is shown in figure 3. It 

exhibited four clear Bragg peaks. 

 

 
Figure 3: Small angle diffraction pattern of MCM-41 

 

 

The repeat distance was obtained for all samples by using equation (2). The results are 

shown in table 1. A mean value of d was calculated: 41.46 ± 0.55 Å.  

 

Batch nu. I II III IV V 

d(100) (Å) 41.28 41.06 41.50 42.39 41.06 

Table 1: Repeat distance (d100) of synthesized MCM-41 from five different batches. 

 

 

Water adsorption 

The mass ratio of water to silica for each sample was calculated and the results are plotted 

on a water sorption isotherm diagram from another study
32

 to compare (figure 4). The 
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diagram shows relative humidity as a function of water to silica mass ratio. Three different 

regimes are observed in the diagram that follows type V of IUPAC classifications
35, 36

. 

Different IUPAC calcifications are presented in Discussion section. 

 

 
Figure 4: Water sorption isotherms of MCM-41.  

Result from this study 

Results from reference study 

 

 

The diagram from figure 4 has been used as reference for calculations of pore size in this 

study. 

 

Differential Scanning Calorimetry 

Melting of water in different samples of MCM-41 was studied by differential scanning 

calorimetry. Two different groups of peaks for melting of water are observed in the DSC 

scan: low temperature peaks and high temperature peaks. The low temperature peaks has 

much smaller area than high temperature peaks. DSC diagram is presented in figure 5: 
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Figure 5: DSC peaks of melting water in MCM-41 and the bulk. 

 

 

The onset temperature, max temperature for low temperature peak and enthalpy of melting 

of water for each sample are presented in table 2. Mass fraction of water has been 

calculated using data from figure 4. First mass of water in the pores was calculated from 

water to silica mass ratio (figure 4). 

  

Table 2: Mass fraction of water in the samples, melting temperature (onset and max) and enthalpy (J/g) of 

samples, obtained from DSC. 

 

Adsorption isotherms of cytochrome c 

 

Calibration curves 

Prior to calculations of adsorbed amount of cytochrome c a calibration curve was plotted 

for cytochrome c in different buffers and solutions. In all cases linear graphs were 

obtained which are shown in figures 6 and 7:  

 

Samples  Water in pores Water outside pores 

 T onset 

(ºC) 

T max 

(ºC) 
ΔH (J/g) 

T onset 

(ºC) 
ΔH (J/g) 

  Sample Water  Sample Water 

MCM-41 with 

adsorbed water in 

NaCl desiccator 

0.40 -53 -43 30 73 ― ― ― 

MCM-41 with 

adsorbed water in 

KNO3 desiccator 

0.41 -42 -38 54 130 ― ― ― 

MCM-41 with 

adsorbed water in 

KNO3 desiccator and 

excess water 

0.72 -42 -38 21 30 -0.17 169 234 

MCM-41 with 

adsorbed cytochrome c 

and excess water 

N/A -45 -41 5 N/A -0.00 274 N/A 
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Figure 6: Calibration curve for cytochrome c in sodium bicarbonate buffer pH: 9.6, potassium phosphate 

buffer pH: 7.0 and citric acid buffer pH: 3.8. 

 

 

 
Figure 7: Calibration curve for cytochrome c in water and 25mM salt solutions (NaCl and MgCl2). 

 

Cytochrome c adsorption experiments were performed in various pH, pure water and 

different salt solutions. Amount adsorbed of cytochrome c per gram silica as a function of 

equilibrium concentration is represented in following diagrams:  
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Figure 8: Adsorbed amount of cytochrome C onto MCM-41 at various pH: 10.7, 9.6, 7.0 and 3.8. 

 

 

Figure 9 shows the adsorbed amount of cytochrome c on to MCM-41 from water, NaCl 

and MgCl2 solutions: 

 

 
Figure 9: Adsorbed amount of cytochrome C onto MCM-41 from pure water, NaCl and MgCl2 Solutions. 

 

Desorption of cytochrome c 

Desorption of cytochrome c was examined in water and sodium bicarbonate buffer (pH: 

10.7). Absorbance of cytochrome c in each solution was measured at λ = 407 nm. Figure 
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10 shows the results of optical absorbance measurements after 120 h. One maximum peak 

(red one) at λ = 407 nm is observed for cytochrome c in buffer solution with pH 10.7. 

 

 
Figure 10: Plot of optical absorbance of cytochrome c after releasing in water (black, blue and orange) and 

buffer with pH 10.7(red) .  

 

 

Amount desorbed of cytochrome c in to different milieus (water and buffer of pH: 10.7) 

are presented in table 3. This table shows conditions of adsorption of cytochrome c for 

each sample before desorption.  
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Adsorption condition of 

cytochrome c 

Amount of desorbed 

cyt c into water (µM) 

Amount of desorbed cyt c 

into buffer pH: 10.7 (µM) 

1h 120h 1h 120h 

20.19 µM in buffer pH:7.1 

+ salt solution (MgCl2) 

0.11 0.21 ― ― 

20.19 µM in buffer pH:7.1 

+ salt solution (NaCl) 

0.10 0.41 ― ― 

161.50 µM in sodium 

bicarbonate buffer, pH: 9.6 

0.31 0.62 ― ― 

161.50 µM in sodium 

bicarbonate buffer, pH: 9.6 

― ― 28.34 43.28 

Table 3: Desorption of cytochrome c in to water and buffer with pH: 10.7. 
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DISCUSSION 

 

CHARACTERIZATION OF MCM-41 

 

SAXS 

The diffractogram of calcined MCM-41 (figure 3) shows one strong peak at (100) and 

three weaker peaks at (110), (200), and (210), which is characteristic for a long range 

order of 2D hexagonal MCM-41. The space between centres of two pores is calculated by 

this equation: 

 

    (3) 

 

Where hkl are Miller indices, a and c are lattice parameters of the unit cell and  is repeat 

distance. Equation (3) at (100) is modified to: 

 

     (4) 

 

By using the mean value of  = 41.5 Å, in the last equation, a is calculated: 47.9Å. With 

an approximate wall thickness of 10 Å according to previous studies
37, 38 

a pore diameter 

of 37.9 Å is obtained.  

 

 

 
Figure 11: A schematic picture of hexagonal MCM-41. Bold lines show a unit cell and d(100) is repeat 

distance. 
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Sorption of water 

A confined fluid in a pore condenses in a pressure lower than its saturation pressure in the 

bulk. This effect is called capillary condensation and depends on shape and size of the 

pores
39

. The sorption isotherm of water (figure 4) shows a long capillary condensation 

regime, which has been used to evaluate the structure of MCM-41. It represents relative 

humidity as a function of mass ratio of water to silica (g/g).  

 

By combination of results from water adsorption and data from SAXS, the size of the 

pores is defined. Radius of the pores can be calculated from area of unit cell Auc and 

volume fraction of pores : 

  

   (5) 

 

Where d (100) is the repeat distance (41.5 Å) calculated from SAXS measurements. The 

volume fraction of the pores  can be obtained from water to silica mass ratio  

at the end of the capillary condensation regime in figure 4: 

 

     (6) 

 

Parameters  and  are the densities of water and silica which are assumed to be equal 

to 0.877 g/cm
3
 and 2.2 g/cm

3
 respectively (data from reference 32).  

 

The radius of the pores calculated by eq. (5) and (6) is 19.9 Å, which gives a pore 

diameter of 39.8 Å. 

 

Differential Scanning Calorimetry measurements 

Another way to characterize MCM-41, which has been used in this study, is DSC by 

studying melting of water in the samples. Figure 5 presents the results of DSC 

measurements. Two groups of peaks are observed in figure 5. One group of DSC peaks 

appears at very low temperature and the other group at relatively high temperature.  
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As it is observed in figure 5 areas of low temperature peaks are significantly reduced. This 

area shows the melting enthalpy of water in the pores (table 2) and indicates that entire 

amount of water in the pores has not participated in melting process. Findenegg et al
40

 

have studied melting enthalpy of water in a series of MCM-41 with different pore sizes. It 

has shown that the melting enthalpy of water in the pores linearly depends on  where 

 

 

Figure 5 shows that Tonset of the peaks of the high temperature group is close to zero, 

which is the melting point of water in the bulk. Low temperature peaks show much lower 

Tonset than the other group. A thermodynamic approach of solid/liquid phase transition 

indicates a shift in melting point (ΔTm) in confined systems
41,42

 to a much lower 

temperature than in the bulk. This point can be related to the radius of the pores by Gibbs–

Thomson equation 
40

: 

 

    with     (7) 

 

Here T0 is the melting temperature in the bulk,  is the interfacial tension between solid 

and liquid interfaces,  is molar volume of the liquid and is the melting enthalpy in 

the bulk. The radius of the pores can be calculated by using a modified Gibbs-Thomson 

relation: 

 

     (8) 

 

     (9) 

 

The parameter  is thickness of a thin contact layer of water, which is expected at a 

temperature below bulk melting temperature according to classical wetting theories
43

.  

is defined by: 

 

   (10) 
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With C = 524 K Å and t = 6.0 Å (data from reference 38) and , r is calculated: 

18.6 Å. Table 4 represents pore diameter of MCM-41 calculated by different methods: 

 

Characterization 

method 

SAXS Water sorption DSC 

Pore diameter (Å) 37.9 39.8 37.2 

Table 4: Pore size of MCM-41 calculated by different methods.  

 

The pore diameter of MCM-41 in present study has a mean value of 38.3 ± 1.1 Å. 

 

ADSORPTION OF CYTOCHROME C 

 

Isoelectric point and pH 

Adsorption of cytochrome c on MCM-41 was studied in different pH: lower, near and 

higher than its isoelectric point (Ip = 10) and the results are shown in figures 8 and 9. 

Isoelectric point is a pH in which net charge of a protein is zero. Cytochrome c is a 

relatively small protein with a size of ca. 26 × 32 × 33 Å and a molecular weight about 

12.4 KD
29

. Surface charge and charge density of both protein molecules and mesoporous 

silica
 
is defined by the pH of the solution

44
. Cytochrome c is positively charged at pH 

below its isoelectric point and MCM-41 is negatively charged at pH above 2, which is its 

Ip
45

.  

 

The main forces, which are involved in protein adsorption, are hydrophobic interactions, 

electrostatic repulsion and attraction between amino acid residues on the protein and 

silanol groups on the silica surface. Also intramolecular attractions and repulsions, which 

cause changes in diameter of protein molecules and its conformation, affect the adsorption 

process
46

. 

 

Adsorption isotherms in figure 8 are type I of IUPAC classifications of adsorption 

isotherms
47

. In figure 8 a sharp loading of cytochrome c is observed in low concentration 
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range which indicates a high affinity between cytochrome c and silica. Finally it reaches 

saturation at concentration above 0.025 wt%. 

 

 
Figure 12: IUPAC classifications of adsorption isotherms (http//:www.nippon-

bel.co.jp/tech/img/semi_fig02.gif) 

 

 

Results in figure 8 show an increasing of amount of adsorbed cytochrome c by increasing 

the pH. Minimum adsorption is observed at pH 3.8 and a maximum adsorption at pH 9.6. 

pH 9.6 is near the Ip of cytochrome c and the net charge of cytochrome c is very low 

(about zero) at this pH. The repulsive forces between protein molecules and 

intramolecular repulsions are reduced. Thus it allows close packing of molecules in the 

pores and also a smaller surface area is needed to each adsorbed protein. This leads to high 

amount of adsorbed cytochrome c (15.56 µmol/g). At this point hydrophobic interactions 

are dominating the adsorption process. 

 

As it is observed in figure 8, adsorbed amount has been decreased at lower pH. 

Cytochrome c becomes more positively charged at pH below its Ip. This rise of positive 

charge results in an increase in repulsive interactions between the cytochrome c molecules 

as well as intramolecular repulsions. Growth of repulsive interactions negatively affects 

the adsorption process. Moreover when pH reduces, it closes to the isoelectric point of 

silica (Ip=2). As a result the negative charge of silica reduces at lower pH, which dampens 
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electrostatic attractions between cytochrome c and silica, results in decrease of adsorbed 

amount of cytochrome c. 

 

At pH 10.7 lower amount adsorbed of cytochrome c is observed in figure (8) in compare 

to pH 9.6. At this pH (above the Ip) cytochrome c bears a negative net charge. Also silica 

has a negatively charge at its surface. Thus repulsion between negatively charged amino 

acid residues and negatively charged silanol groups of the silica negatively affect the 

adsorption of cytochrome c. Moreover repulsive interactions between cytochrome c 

molecules have been increased too.  

 

From electrostatic point of view any adsorption of cytochrome c should be observed at 

this pH on the basis of similar charges on both silica surface and cytochrome c. 

Cytochrome c has positive and negative amino acids and hydrophobic residues on its 

surface. They may take over and build some bonds to their complementary groups on 

silica surface. As a result it is not always possible to explain the adsorption of proteins by 

overall net charge and electrostatic interactions. Though they are important to adsorption 

to occur but not necessarily dominate it. Structural rearrangement in the cytochrome c 

molecules which results in changes in its surface polarity and redistribution of surface 

charge may cause interactions between positively charged groups with negatively charged 

silanol groups on silica surface.  

 

Figure 8 is an evidence for dependence of adsorbed amount on pH and maximum 

adsorption occurs at a pH equal to isoelectric point of the protein. Maximum amount of 

adsorbed cytochrome c in this study is 15.56 µmol per gram of MCM-41(figure 8). 

Hartmann et al
29

 have investigated adsorption of cytochrome c in different carbon 

molecular sieves with a pore size range of 33 to 54 Å. Their adsorption isotherms follow 

type I Langmuir adsorption isotherm and they have maximum adsorbed amount of 18.5 

µmol/g cytochrome c on mesoporous carbon. In another study by Hartmann et al
48

 they 

have used MCM-41 with a pore diameter of 41.0 Å, have a maximum adsorbed amount at 

pH 9.6 and reduced protein loading by decreasing the pH, which is in line with this study. 

Their maximum amount of adsorbed cytochrome c is 26.6 µmol/g which is more than 

maximum loading in this study (15.56 µmol/g). The initial concentration of cytochrome c 

and pH is the same in all three studies. The differences are in buffer concentration (25 mM 
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in Hartmann et al
29, 48

 study and 50 mM in this study) and surface properties of 

mesoporous materials (table 5). They have used mesoporous carbon in the first case, 

which is hydrophobic at its surface
42

 and increases hydrophobic interaction.  

 

Mesoporous 

material 

Maximum 

amount of 

adsorbed cyt c 

(µmol/g) 

Surface 

properties 

Pore diameter 

(Å) 

Concentration of 

buffer (mM) 

Mesoporous 

carbon
27

 

18.5 Hydrophobic 43 25 

MCM-41 

(Present study) 

15.56 Negative 

charge 

39 50 

MCM-41
46

 26.6 Negative 

charge 

41 25 

Table 5: In this table maximum amount of adsorbed cyt c (µM/g) are compared in three 

different studies in relation to surface properties of mesoporous materials and concentration of 

buffer. In all cases pH is 9.6 and equilibrium concentration is about 200 µM for maximum 

adsorption. 

 

 

Results from carbon
29

 and MCM-41
48

 are obtained from same conditions (even almost 

same pore size), but maximum adsorbed amount of protein onto MCM-41
48

 is higher than 

mesoporous carbon
29

. In case of MCM-41 (39 Å) concentration of buffer is doubled (50 

mM) in compare to MCM-41 (41 Å) but amount of adsorbed cytochrome c is almost the 

half. As a result it is concluded that surface property of the adsorbent and strength of pH 

solution (ionic strength) are affecting the process of adsorption. 

 

Ionic strength 

In order to study the effect of screening of ions or ionic strength on adsorption of protein 

other series of adsorption isotherms were performed using pure water, 25 mM salt 

solutions (NaCl and MgCl2) and buffer solutions (50mM, pH: 7.1) with added NaCl and 

MgCl2 salts (25mM), results are presented in figure 9.  

 

The results show a decrease of the amount of adsorbed of cytochrome c with increase of 

the ionic strength at a pH 7. This happens because of screening of electrostatic attraction 

between positively charged protein and negatively charged silica. 
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The curves in figure 9 shows two different regimes: low concentration regime and high 

concentration regime. In low concentration regime higher decrease of adsorbed amount of 

proteins is observed while at high concentration range it shows lower decrease of amount 

of adsorbed cytochrome c. In the first regime the protein molecules are relatively far from 

each other and screening between them has no effect on adsorption while ions screen the 

surface and reduce adsorbed amount.  In high concentration regime the ions screen not 

only attractive protein - silica interactions but also repulsive protein - protein interactions. 

As a result at high concentration regime, decrease of adsorbed amount is lower. 

 

Influence of ionic strength in this study is in line with a previous study by Deere et al
17 

who studied the low range of protein concentrations.   

 

Desorption 

Desorption of cytochrome c has been studied in different milieus, pure water and buffer 

with pH: 7.1 and 10.7. Figure 10 shows optical absorbance of cytochrome c after 

desorption. No peaks are observed for cytochrome c in water or buffer with pH: 7.1. 

Present peak belongs to cytochrome c released into buffer with pH: 10.7. At this pH 

cytochrome c becomes more negatively charged and MCM-41 has already negatively 

charged groups on its surface, resulting in increased repulsive forces between protein and 

silica. Repulsion interactions force the cytochrome c molecules out of the pores. This 

shows that molecules of cytochrome c can be desorbed if their charge is reversed. To the 

best of our knowledge release of cytochrome c molecules from mesoporous silica caused 

by pH change was not observed before.  

This release method based on the change in the charge of molecules can be used to control 

drug release from porous materials in drug delivery system. However in practice it may 

eliminated to compound with isoelectric point close to physiological conditions. 
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CONCLUSIONS 

 Synthesized MCM-41 has an ordered 2D hexagonal structure. 

 Porosity of MCM-41 was studied by different methods; their results are in 

agreement with each other. 

 Cytochrome c has high affinity for MCM-41. 

  Isoelectric point of cytochrome c is a turning point in adsorption process and 

maximum loading occur in this point. 

  Electrostatic interactions, global net charge of cytochrome c and surface properties 

of mesoporous material are crucial for adsorption to take place and for the amount 

of adsorbed protein.  

 Electrostatic interactions based on net surface charge of protein are important but 

not enough to explain the adsorption process for example when both adsorbate and 

adsorbent have same charge sign and despite that adsorption occurs (in this study 

at pH 10.7). 

 That region of protein which is in contact with silica surface can have another 

charge sign than the overall net charge. Thus other important factors take part in 

adsorption for example hydrophobic interactions, conformational changes of the 

protein.  

 Amount of adsorbed cytochrome c reduces by increasing the ionic strength. It is 

caused by the screening of attractive interactions between adsorbate and adsorbent. 

 Release of cytochrome c occurs only at a pH above its isoelectric point. 
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