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1. Abstract

The adsorption of proteins to solid surfaces has been extensively investigated during the 

past 20-30 years. The knowledge can be applied in biotechnological applications in for 

example immunoassays and biosensors. Human carbonic anhydrase II is a widely studied 

protein  and  the  CO2-activity  makes  it  an  interesting  candidate  for  biotechnological 

purposes. To make this possible, the factors affecting the adsorption of proteins have to 

be mapped. The stability of the protein is under great influence of the adsorption and the 

protein tends to undergo conformational changes leading to a molten globule like state 

upon  adsorption.  The  stability  of  a  protein  also  affects  the  extent  of  conformational 

changes  and  the  nature  of  the  adsorption.  A  more  stable  protein,  adsorbs  with  less 

structural changes as a consequence of adsorption, and desorbs from the surface more 

rapidly than a less stable one. Also the hydrophobicity, charge and area of the surface are 

affecting the interaction with the protein. Still, the same adsorption pattern is noticed for 

the same protein at different surfaces, leading to the conclusion that the properties of the 

protein  affect  the  interaction,  rather  than  the  properties  of  the  surface.  Biosensors 

containing  carbonic  anhydrase  have  been  developed.  These  make  measurement  and 

detection of zinc ions possible.  To be able to use carbonic anhydrase as a potential agent 

in  biotechnology,  attached  to  solid  surfaces,  the  protein  has  to  be  biotechnologically 

engineered  to  get  a  more  stable  structure,  or  else  the  denaturation  will  destroy  this 

possibility. 
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2. Preface

I have limited the subject in some ways, to get the information that I am interested in and 

that I estimate has the largest influence on knowledge of the adsorption of proteins to 

solid surfaces. I have tried to keep the investigation to human carbonic anhydrase II, but 

in some cases other forms of carbonic anhydrase are included, to extend the investigation 

and to get more examples and basis for further discussion. Even if carbonic anhydrase 

has  been extensively examined by researchers  around the world,  the total  knowledge 

about its adsorption to solid surfaces is not infinite. Therefore, I have also used material 

from  articles  examining  other  proteins,  to  get  additional  information  about  protein 

adsorption  and  other  surfaces  and  how  they  affect  adsorption.  The  human  carbonic 

anhydrase esterase activity is not considered. 

Protein adsorption can be a possibility, but it can also be a problem. I have concentrated 

on the possibilities, as I am interested in finding out how to use the proteins in industrial 

applications. I am also interested in new environmental technologies and the possibility 

to use proteins to solve environmental issues in the future. 

I have mostly been concentrating my study to the interaction between protein and surface 

in the interface between the liquid and solid state. 

Internet has been the largest source of information and the major tool for this work. The 

search engine google.se, the databases ISI web of science and Pub Med (Public Medline) 

were used. The homepage for the university library was the key to find relevant journals 

and  articles  for  this  subject.  Examples  of  such  papers  are  Journal  of  the  American 

Chemical Society, Journal of Colloid and Interface Science and Langmuir, to mention a 

few (see the reference list). 
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3. Introduction

Figure 1. Human carbonic anhydrase II (2CBA) from PDB – Protein Data Bank at 1,54 Å resolution.1  

3.1 Human carbonic anhydrase II and its activities

Carbonic anhydrase (CA) is a well studied and well-known protein.2 The enzyme human 

carbonic anhydrase II  (HCAII,  also called CA C,  figure 1) consists of 259 amino acids 

with a molecular weight of 29,3 kDa, catalyzing the following reaction:3

CO2 + H2O ↔ HCO3
- + H+

Like all other versions of CA, the hydration of carbon dioxide into bicarbonate ions and 

protons  is  catalyzed.  CA also  catalyzes  the  hydrolysis  of  esters,  an  esterase  activity. 

There are three families of CA, among them the  α-CA. CA occurs in both plants and 

animals3,4, but all CAs in animals are of the α-type.2 In humans,  α-CA is present in the 

erythrocytes of the blood, being a part of the carbon dioxide transport system. The gene 

for CAII in humans is situated on chromosome 8.2 The primary structure, i.e. the amino 

acid sequence, of HCAII has been determined.5 HCAII is characterized as a  β-protein, 

with a predominant -sheet secondary structure.6 The protein from cows, bovine carbonic 

anhydrase  II  (BCAII),  has  been  subject  for  extensive  laboratory  studies7-9,  just  like 

HCA.10,11 There are twelve different isozymes of α-CA, numbered I-XII. 
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The protein mostly studied in this work is HCAII. HCAII is one of the fastest enzymes 

existing4 with a kcat value of about 106 s-1,4,12 probably because of the small  substrate. 

HCAII is a globular protein and a metalloenzyme, with a zinc ion cofactor in its active 

site. Three histidine residues (His-94, His-96, His-119), in a hydrophobic pocket, hold the 

zinc  ion  in  place  with  their  imidazole  groups.3,4 At  high  pH,  the  fourth  ligand  is  a 

hydroxide ion, and a water molecule at low pH, or a bicarbonate ion during catalysis. 

Figure  2  shows  the  active  site  and  figure  3  gives  a  schematic  representation  of  the 

catalysis.  The zinc ligands are bonded to Thr-199 by hydrogen bonding. The active site 

has a hydrophobic pocket and is thought to be important for the recognition of CO2.4 If 

the  hydrophobic  pocket  is  engineered,  the  activity  is  still  high.  This  knowledge  is 

important  for  further  work  making  new  binding  sites  and  for  introduction  of  new 

activities to proteins.13 The rate determining step in the catalysis is a proton transfer from 

the  water  via  His-64 to  the  surroundings.2 A more  comprehensive  description  of  the 

mechanism of CA can be found in Lindskog, 1997.2 Sulfonamides and a couple of other 

molecules inhibit CA by binding to the active site when it is occupied with a zinc ion. 

The zinc ion can be removed, to produce an inactive apoenzyme. When zinc is added, the 

activity returns. 

Figure 2. Active site for human carbonic anhydrase II. The figure is taken from Lindskog, 1997.2
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Figure 3. The figure shows the mode of action of carbonic anhydrase, where the zinc ligand participates in  

the catalyzed reaction of CO2-hydration. The figure is taken from Merz et al., 1989.3

An important property of CA is that it has seven tryptophan residues, which could be 

used for fluorescence and CD studies, this gives a good platform for studying the folding 

and unfolding  processes  of  the  protein,  as  the Trp fluorescence  signal  decreases  and 

undergoes a spectral red shift when the hydrophobic part of the protein is exposed to the 

polar environment.  

One mutant of HCAII which is frequently used instead of the wildtype is the pseudo 

wildtype variant of human carbonic anhydrase II (HCAIIpwt).14-16 In this mutant, the only 

cystein in the wildtype is replaced by a serin, a mutation denoted C206S.16,17 This is done 

to circumvent the formation of disulfide bridges between protein molecules, which would 

lead to unnecessary complications when studying the proteins.18 The activity and stability 

of HCAIIpwt is practically the same as for the wildtype.

3.2 Purpose

I want to examine which factors are affecting HCAII when adsorbed to solid surfaces. 

Multiple  reports  have  been  published  to  summarize  how  proteins  adsorb  to  solid 

surfaces.19-22 There are many factors influencing protein adsorption23 and it can generally 
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be seen as a complex process24. With new techniques and procedures the development of 

this  area  will  certainly  advance  in  the  near  future.23,24 The  most  important  factors  in 

adsorption is the stability of the protein and the hydrophilic and hydrophobic properties 

of the surface. In this work, a couple of additional aspects are mentioned. By mapping the 

way HCAII  is  affected  by  the  interaction,  the  possibilities  for  using  this  enzyme  in 

biotechnological applications are elucidated. Proteins have a broad spectrum of activities 

and properties. By adding the possibility of transforming the already existing proteins to 

new ones with new properties, the possibilities are so to speak, almost infinite. If the 

opportunity comes to be able to use all of this capacity, many problems of today may be 

solved.  For  example  determination  of  protein  concentrations  in  samples  as  well  as 

applications  in medicine and understanding of the origin of autoimmune diseases.  As 

mentioned earlier, still there are a couple of obstacles that have to be solved before this 

could be a reality. 

3.3 Background to this work

My idea is that perhaps CA could be a protein that can be used as a technological solution 

of the arising environmental issue of the green house effect. CA hydrates carbon dioxide 

to bicarbonate ions and hydrogen ions, as known, and this activity I would like to bring 

out as a possible way of reducing carbon dioxide, known as a green house gas, emitted 

during a lot of industrial applications. But to do this, the protein has to be seated on a 

solid surface, and that is where my work comes in. By studying articles about CA and 

how it is affected by adsorption, the important factors influencing the interaction between 

protein and surfaces can be mapped and lead to a deeper understanding of the challenges 

that meet anyone who would like to make use of proteins in industrial applications. 

3.4 Methods for studying protein adsorption 

Some of the most important techniques for study of proteins at the solid/liquid interface 

are presented below. 

6



3.4.1 Nanoparticles as model system

Nanoparticles are used as a model system for studies of protein adsorption. Because of 

their small size, nanoparticles do not scatter light and can be used for measurements in 

spectroscopic methods, e.g. CD and fluorescence, see below. 

3.4.2 Atomic force microscopy (AFM)

It is an optical method, which gives a three dimensional picture of the surface.23 It can be 

used for study of larger surfaces. 

3.4.3 Surface plasmon resonance (SPR)

With this technique, the amount of adsorbed protein can be determined10 and the amount 

of proteins  binding to ligands on a  self-assembled  monolayer.25 Electrostatic,  van der 

Waals and chemical bonding forces and the appearance of a layer can also be measured. 

This method can be used to study larger surfaces.  SPR can be used for study of the 

interaction between HCAII mutants and benzenesulfonamide derivatives.26  

3.4.4 Circular dichroism (CD)

This technique makes use of the fact that proteins affect the circularly polarized light 

differently  because  of  their  chiral  carbon  atom in  the  backbone.  The  secondary  and 

tertiary  structure  can  be  determined  by  using  light  of  different  wavelengths.  CD 

spectroscopy can be used to study structural changes upon adsorption and desorption of 

proteins.27 

 

3.4.5 Differential scanning calorimetry (DSC)

The thermodynamics  of a reaction or process can be studied by differential  scanning 

calorimetry (DSC). It can be used for following unfolding upon adsorption. The structural 

changes30 and electrostatic effects28 upon adsorption can be determined.
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3.4.6 Ellipsometry

With  this  method  molecules  attached  on  thin  films  can  be  studied  because  of  the 

polarization of dispatched light. It could be used for measure the thickness of a layer.10 

With ellipsometry, large surfaces can be measured. The amount of adsorbed protein in a 

surface layer can be measured. 

3.4.7 Fluorescence

This technique can be used to study the unfolding of a protein and mapping which part of 

a  protein  that  denatures  first.  By using  fluorescence  as  a  technique  for  investigating 

protein adsorption, both the possibility to detect Trp fluorescence or label the protein with 

fluorescent  probes can be performed.  The fraction of unfolded/folded proteins can be 

calculated.10 The intrinsic tryptophan fluorescence for study of the unfolding by looking 

at the red shift when measuring a protein under the influence of guanidine-HCl can be 

applied.26 Fluorophores, like 1.5-IAEDANS, attached to the protein can also be used for 

investigation of denaturation.16 
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4. Which factors affect the interaction?

By investigating the factors affecting the adsorption of proteins, mainly HCAII, to solid 

surfaces,  the  challenge  of  using  them  industrially  becomes  clearer.   It  seems  like 

adsorption is affected by the properties of the protein, rather than by the properties of the 

surface.27 When studying the adsorption pattern, this is the same for a protein, regardless 

of what kind of surface it is.

4.1 Stability

Upon adsorption to 9 nm silica nanoparticles, HCAII undergoes a molten globule like 

structural change.14 HCAIIpwt and two shortened, and less stable, forms of the enzyme has 

been examined upon adsorption to silica nanoparticles and compared to their properties 

when exposed to the denaturing agent guanidine-HCl. The truncated forms are less stable, 

while  HCAIIpwt is  not  different  in  stability  from  the  wildtype.  The  more  unstable 

truncated  forms  expose  more  hydrophobic  patches  after  being  added  to  the  silica 

particles, indicating that they are more denatured after adsorption than the HCAIIpwt. For 

HCAIIpwt, it seems like some of the molecules undergo a conformational change upon 

adsorption. For the shorter variants, the tertiary structure is lost after 24 h of exposure to 

the  nanoparticles.  These  findings  show  that  the  shorter  forms  has  a  structure  that 

resemble the denatured molten globule state when they are exposed to nanoparticles. The 

active site of HCAIIpwt is maintained, while the active site for the truncated forms are 

disrupted.  The  structural  change  of  HCAIIpwt  was  small  when  interacting  with  the 

nanoparticles,  in  contrary  to  the  less  stable  truncated  forms,  which  can  lead  to  the 

conclusion that more stable protein molecules are not affected by adsorption as much as 

less  stable  ones.  Less  stable  variants  also  tend  to  form aggregates  with  each  other, 

complicating the study of adsorption for these proteins.10 The stability of adsorbed protein 

is not dependent on the type or content of secondary structure, but is different depending 

on the specific protein and the specific adsorbtion orientation.29 
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4.2 Electrostatic interaction

Electrostatic interactions can be a driving force for adsorption.30 The two proteins human 

serum  albumin  (HSA)  and  α-chymotrypsin  adsorb  irreversibly  to  hydrophobic  silica 

surfaces.  HSA  is  unfolded,  while  α-chymotrypsin  is  not.  The  most  important  factor 

causing  adsorption  could  be  electrostatic  forces  when  the  protein  does  not  undergo 

structural changes or entropy gain when the protein undergoes conformational changes 

upon adsorption. Also for other proteins, electrostatic interactions have shown to be a 

driving force for protein adsorption onto silica nanoparticles.28 A higher ionic strength in 

the surroundings seemed to decrease the electrostatic attraction between the negatively 

charged silica and the positively charged proteins. Because of the reduced entropy upon 

adsorption, the protein is less structured when adsorbed than in the unbound state. No 

changes of the denaturation enthalpy of the protein is registered after addition of calcium 

or  at  a  higher  ionic  strength.  This  is  independent  of the stability  of  the protein.  The 

orientation of the protein depends on how the protein is attracted by the surface and if the 

surface and the protein are charged.16 

4.3 Exposed surface area

The size of the surface area exposed to the protein affects adsorption. It is important to 

have  as  much  nanoparticles  as  possible  during  investigations,  to  ensure  that  enough 

surface  area  is  free  for  the  protein  to  adhere.15 Silica  nanoparticles  with  a  smaller 

diameter, and a smaller surface area, have less effect on the secondary structure of the 

adsorbed protein than particles of larger diameter.11 For a large surface area, the energy of 

interaction is higher than that inside the secondary structure. The proportion of protein 

adsorbing to silica  nanoparticles  increases by increasing surface area of the particles. 

Depth of the adsorption of BCA in porous thin silicon layers can be determined.7 The 

surface area of porous silicon is a million times bigger than that of a planar surface.31 

About the same volume of protein is adsorbed in the lower part of the layer as in the 

upper part. In the upper part of the layer, the surface area is larger than in the lower part, 

leading to a higher proportion of protein per cent in the upper part. The surface area is 
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larger in the upper part, due to a higher porosity, and therefore the upper part adsorbs 

more protein per surface area than the lower part. 

4.4 Hydrophilic and hydrophobic environment 

Hydrophobic interaction can be a driving force for adsorption because the adsorption has 

shown to be high to hydrophobic surfaces.32 When the protein binds to the solid surface, 

the hydrophobic amino acids in the structure bind to the surface to avoid water in the 

surroundings. This makes the intramolecular forces which stabilize the protein structure 

smaller and the protein becomes therefore less stable. These intramolecular, hydrophobic 

bonds stabilize the secondary structure. This conformation is disturbed upon binding to 

solid surfaces, which has been proven by CD.27 Unmodified,  oxidized and fluorinated 

poly(dimethylsiloxane)  (PDMS)  surfaces  and  different  solvents  of  water/methanol 

concentrations  have  been  used  for  studies  of  the  driving  forces  for  adsorption.9 The 

proteins  denature  in  higher  concentrations  of  methanol  and  the  adsorption  of  protein 

decreases if more methanol is added to the surroundings.32 The proteins were intact when 

adsorbing to the unmodified PDMS surface.9 Most of the protein stays on the unmodified 

and the fluorinated PDMS when washed with solvents of higher water concentrations. In 

this study, CA was the most hydrophobic protein and does not bind to the hydrophilic 

surface of the oxidized PDMS under any circumstances. For CA, the largest adsorption 

was observed at the lowest concentrations of methanol. Wang et al. has also performed 

investigations using chemical force spectrometry.9 This method could reveal information 

about the forces of interaction to fluorinated surfaces. The force of adhesion between the 

PDMS surface and the AFM-tip was determined at different concentrations of water and 

methanol.  The  forces  of  adhesion  was  highest  in  water  solution  and was  smaller  in 

solutions of increasing methanol concentration. The forces of adhesion were yet similar 

to the different PDMS surfaces. When the polarity of the solution decreased, also the 

interactions of adhesion became smaller. Hydrophobic surfaces often force the proteins to 

expose their hydrophobic parts, usually inside the protein.10 When washing, less protein 

desorbs, which means that the proteins are more tightly bound to this surface and more 

denatured. 
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4.5 Thermodynamics – entropy and enthalpy

Interfaces usually have very different properties compared to liquid solutions, because of 

the fact that atoms in contact with solid surfaces change their structure to decrease their 

free energy.33 Adsorption gives a loss of conformational  entropy because the possible 

conformations for the protein decrease34, see figure 4. A gain in entropy can be achieved 

upon  adsorption  thanks  to  the  increased  rotational  mobility  of  the  protein  when 

denatured.27 The adsorption is driven by entropy, because the ΔH for the process is larger 

than  0.  The  increase  in  entropy can  be  large  enough to  compensate  for  the  positive 

adsorption enthalpy. The gain in entropy upon binding can be large enough to overcome 

the  repulsion  between  protein  molecules  and  surfaces  of  the  same  charge.  The 

thermodynamic stability of the protein should be increased to obstruct the irreversible 

adsorption  of  unfolding  proteins.10 The  rate  of  unfolding  during  adsorption  to 

hydrophobic surfaces is related to thermodynamic stability.35 How stable a protein is at 

the adsorption interface depends on both the entropy and the enthalpy.29 For three other 

proteins, the entropy of the protein is reduced upon adsorption, while enthalpy is not very 

much affected.28 The entropy and flexibility increase for less stable variants. The higher 

dissociation rates can be due to increased molecular dynamics of the tertiary structure for 

these variants.26 

Figure 4. “The theory behind the stabilizing influence of surfaces on tethered proteins. (a) In the absence  

of a surface, the unfolded state of the protein experiences full access to all conformation space. (b) In the  

presence  of  a surface,  the conformational states accessible  to the unfolded protein are reduced.” The  

figure is taken from Knotts et al., 2008.29 
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4.6 Kinetics upon adsorption

The denatured state of an protein binds more rapidly to hydrophobic surfaces than native 

protein does.35  When a protein desorbs, it can be passed into the native state, but it can 

also adopt a new conformation. If it takes a new conformation, much energy is needed to 

go back to the original, native state, why this is not likely to happen.27 The adsorption rate 

for  human  serum  albumin  and  α-chymotrypsin  is  fast  to  non-porous  pyrogenic, 

hydrophilic silica surface with a diameter of 40 nm. The protein does not desorb from the 

surface at any condition.30 Small differences in dissociation rates are achieved, depending 

on the stability of the protein variants when the interaction between HCAII mutants and 

benzenesulfonamide derivatives are experienced.26 For the enzyme lysozyme, the amount 

of  protein desorbing from 80 nm silica  layer  surface is  less  when a  longer  time has 

passed.36 This could be due to aggregation of the proteins. The rate of adsorption affects 

the adsorption saturation on the hydrophilic surface, but not on the hydrophobic surface. 

Figure 5 shows that  the adsorption rate  on hydrophobic  and hydrophilic  surfaces  are 

dependent on the concentration of the protein. For higher protein concentrations, the rate 

are higher to the hydrophilic surface, whereas it is higher to the hydrophobic surface at 

lower protein concentrations. 

Figure  5.  The  difference  in  adsorption  rate  for  α-lactalbumin  on  hydrophilic  and  hydrophobic  silica  

surfaces  at  different  concentrations.  “(a)  Adsorption of  0.1 g/l  α-lactalbumin on both hydrophilic  and  

hydrophobic surfaces.  (b) Adsorption of 0.001 g/l α -lactalbumin on both hydrophilic and hydrophobic 

surfaces.” The figure is taken from van der Veen et al., 2007.36 
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4.7 pH in the surroundings

The pH in the surroundings when protein adsorbs to silica nanoparticles influences which 

part of HCAII that is oriented to the particles.16 Three SAMs (self-assembled monolayers, 

see  section  “Different  surfaces  and  carbonic  anhydrase  adsorption”)  with  different 

charges were used to study the adsorption of proteins, one of them BCAII, at different pH 

values.37 BCAII did not adsorb to any of the surfaces at low pH. At pH 4.5, it seems like a 

large amount of the protein is aggregated on the layer. Also at this pH, the protein is 

positively charged near the active site. At pH 5 and pH 5.5, aggregation was less on 

negatively  and  positively  charged  surfaces.  On  the  neutral  hydrophobic  surface,  no 

protein adsorption was observed at any pH. 
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5. Different surfaces and carbonic anhydrase adsorption

A couple of solid surfaces and how they affect  proteins upon adsorption is presented 

below. 

5.1 Silica nanoparticles

Figure 6. ”AFM image of silica particles from sol synthesized at pH 5”. These silica particles are less than 

10 nm in diameter.  The figure is taken from Meixner et al., 1998.38

A picture of colloidal silica particles is presented in figure 6. Silica has anhydrous SiO2 in 

the interior and -OH groups on the outer silicon atoms.39  Colloidal silica can be down to 

1-5 nm, but is usually 5 nm or larger in diameter. The adsorption of proteins to silica 

nanoparticles has been recently studied.11,14,15 Silica nanoparticles are negatively charged15 

and a common diameter to use is 9 nm11,14,15,40, but also 6 nm and 15 nm11 occur. Silica 

nanoparticles form aggregates at pH 7,5 but not at pH 8,5.15 

Destabilized mutants of HCAII with amino acids changed in the interior gain a molten 

globule like structure when adsorbed to 9 nm silica nanoparticles.15 In the solid/liquid 

interface to silica nanoparticles,  the destabilized mutants  of HCA  IIpwt M241L, S56C, 

W97C, S56N and S56F bind to the surfaces and after a while begin to transform into the 

molten globule like state. There is a destabilization of the protein due to the interaction 

with  the  particles.  Formation  of  the  molten  globule  like  structure  is  initiated  as  the 
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destruction  of  the  tertiary  structure  begins.  All  variants  obtain  a  molten  globule  like 

structure after some time of adsorption. The process continues stepwise. The protein is 

not further denatured after getting into the molten globule like state. The stability of that 

state  is  not  affected  by  the  mutations,  while  the  native  state  is.  The  change  in 

conformation  leads  to  enzymatic  inactivation.  Adsorption  takes  place  ahead  of 

inactivation, regardless of the stability. The stability of the protein from the start does not 

affect the degree of conformational changes upon adsorption to silica nanoparticles. It 

seems like HCAIIpwt has a relatively unchanged tertiary structure after  adsorption and 

almost all of the activity is maintained. The inactivation of the protein then starts and 

continues gradually when it is binding to the surface of the particles. The binding is fast 

and after 12 hours of adsorption HCAIIpwt is more tightly bound to the particles.  The 

active site is denatured before the majority of the protein is denatured (tertiary bonds are 

broken), which is not the usual case when using chemical denaturation. The reason could 

be that the protein interacts  with the surface just in one site,  and not over the whole 

molecule. For HCAIIpwt inactivation takes longer time than for the less stable variants. 

The decrease in  activity  follows the decrease in  stability  in  the protein  variants.  The 

inactivation process becomes irreversible when the conformational change has led to a 

molten globule like state. The more stable HCAI does not adsorb irreversibly to silica 

nanoparticles.11  

The  stability  of  the  protein  variants  is  affecting  the  kinetics  of  the  conformational 

changes upon adsorption to silica nanoparticles.15 The rate of inactivation is higher if the 

stability of the protein is lower at the start, that is, when the rate of inactivation is highest, 

the protein is tightly adsorbed to the surface. Inactivation and conformational changes of 

HCAIIpwt are slow upon adsorption. The concentration of the particles does not affect the 

kinetics for the inactivation.  

The shape of the nanoparticles affects how much of the secondary structure of a protein is 

disrupted upon adsorption in a solid/liquid interface.11 For a large interaction area, the 

energy of interaction is higher than for a small surface area and the interactions to the 

solid surface is bigger than those inside the secondary structure. The largest influence on 
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the  conformational  change  leading  to  changes  in  secondary  structure  in  HCAI  is 

depending  on  the  shape  of  the  particles,  while  the  tertiary  structure  is  independent 

thereupon. 

HCAI  has  many  advantages  for  investigation  of  protein  adsorption.  It  has  no  clear 

interaction site and is more stable than HCAII.11 However, there is a limited amount of 

spots  on  the  surface  of  HCAI  that  can  establish  a  firm  adsorption  to  the  silica 

nanoparticles.  Both HCAI and HCAII  have  a  three  states  unfolding  process,  with an 

intermediate molten globule like state. HCAI does not adsorb to silica nanoparticles as 

much as HCAII. The adsorbed amount stays constant for a couple of days. 

Variants with truncations at a 5 and 17 amino acids long piece of the N-terminus have 

been proven to still possess a high activity.41 For trunc17HCAII14 the results show that all 

of the protein was strongly adsorbed to the 9 nm silica particles and almost none was 

eluted as free protein.11 Less protein is adsorbed to 6 nm particles, while for 9 and 15 nm 

particles all protein are adsorbed.11 Most protein is adsorbed to 15 nm particles, 30 %, 

while 15 % adsorbs to 9 nm particles and 10 % to 6 nm particles. The proportion of 

protein  which  adsorbs  increases  by  increasing  surface  area  of  the  particles  and  the 

amount bound protein increases with time. No native CD spectra can be determined for 

HCAII, when exposed to 6 nm and 9 nm particles.

The binding sites for HCAIIpwt and the less stable HCAIIS56C
15 have been investigated 

when adsorbed to 9 nm silica nanoparticles.42 Regions from the N- and C-terminals of 

HCAIIpwt are  strongly  bound to  the  particles  after  mixing.  These  part  are  significant 

during the initiation of adsorption to the particles. The N- and C-terminals are positively 

charged and bind to the negatively charged silica, which implies that electrical forces are 

important  for  introduction  to  adsorption.  After  incubation  overnight,  the  N-  and  C-

terminal  was  not  attached  any  longer.  Instead  a  region  with  residues  132-168  was 

adsorbed. Structural rearrangements are therefore induced after a longer incubation time 

with the particles and otherwise hidden parts of the protein appear to the silica surface.42
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HCAIIS56C adsorbs almost directly to the particles after mixing. The structural changes 

occur much faster than for HCAIIpwt.15 The N-terminal seems to be a part of the initiation 

site also in this case, but not the C-terminal, which perhaps is of importance in the first 

step of the adsorption due to the higher rate of rearrangement. The region consisting of 

residue 89-131 in HCAIIS56C is a part of the initiation surface of adsorption and the loop 

region with residues 99-115 could be a possible interaction surface. The binding site of 

HCAIIS56C is  large  due  to  the  lower  stability  of  the  molecule  and  the  higher  rate  of 

rearrangement.42 Figure 7 shows the binding sites for HCAII during orientation to silica 

nanoparticles. 

Figure 7. Cysteines were inserted and replacing the amino acids in the positions marked in the figure.  

“HCAII with the electrostatic potential at high pH with deprotonated histidines (top) and at low pH with  

protonated histidines (bottom) with the sites chosen for mutation and labeling indicated.” “Red and blue  

colors correspond to negative and positive potential, respectively. The arrows in green in the left picture of  

each protonation state indicate the direction of the dipole vector. The arrowhead indicates the negative  

part of the dipole.” The figure and text is taken from Karlsson and Carlsson 2005.16 

The way HCAII adsorbs to 15 nm silica nanoparticles is influenced by the pH of the 

solution.16 The pH changes which part of the protein that is the interacting site. This could 

be  explained  by  the  fact  that  positively  charged  parts  of  the  protein  adsorbs  to  the 
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negatively charged silica particles. It is very important to know the orientation of the 

protein when adsorbing, so the activity of the protein can be maintained. The binding site 

for  HCAII  in  the  native  state  is  always  the  same  upon adsorption,  meaning  that  the 

interaction is specific.  

Cysteines are introduced in the proteins to make it possible to label the particles to study 

them with fluorescence.16 The labeling and introduction of cysteines in the proteins do 

not affect the stability. The tertiary structure of different mutants of HCAIIpwt does not 

change when the protein variants are exposed to silica nanoparticles at 4°C. At pH 9.3 no 

structural changes can be measured upon adsorption, probably because of less adsorption 

of protein. There is a spectral change for the labeled mutant HCAIIH10C depending on the 

pH, which can be seen in figure 8. The dependence of pH seems to be correlated to the 

orientation of the protein and not to any conformational changes. The labeled HCAIIS152C 

does not show a shift in wavelength after adsorption. 

Figure 8. “Spectral changes of the fluorophore in position 10 upon adsorption to silica nanoparticles” at  

pH 6.3, pH 7.3, pH 8.3 and pH 9.3, respectively, in the black lines from left to right. The grey line is an  

average spectrum at pH 6.3-9.3. “Spectra were registered after 5 min incubation with silica nanoparticles  

and were identical to spectra registered at 1 and 2.5 min, i.e., no additional process besides the adsorption  

took place during this time-span.” The figure and text is taken from Karlsson and Carlsson 2005.16 

As the concentration of protons increases, i.e. when the pH decreases, the His residues 

become positively charged and attract the negatively charged silica nanoparticles. The 

fluorescence of the mutant with a fluorophore in position 10 (HCAIIH10C) increases when 
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adsorbing to the particles at low pH (figure 9). At pH 8.3 the regions of residue 10 and 37 

is bound equally to the surface indicating that the protein binds in different places at the 

given conditions. At pH 9.3, no places on the mutants are positively charged and the 

adsorption is thereby unspecific. 

5.2 PDMS

Figure 9. a) shows unmodified PDMS, b-c) shows the unmodified surface after incubation with rabbit IgG,  

d) shows poly(vinyl alcohol)-modified PDMS and e-f) shows the PVA-surface after incubation with rabbit  

IgG. The figure is taken from Yu et al., 2009.43 

Studies  have  been  performed,  to  make  use  of  attached  molecules  to 

poly(dimethylsiloxane)  (PDMS)  to  capture  proteins.43 Modified  PDMS  surfaces  can 

reduce the non-specific protein adsorption.44 Nonspecific protein adsorption depends on 

several  factors,  among  them  interaction  between  hydrophobic  agents,  the  protein 

properties, e.g. size, shape, and the properties of the surface, e.g. charge, appearance and 

intermolecular  forces  between  proteins  upon adsorption.43 The  desorption  of  BCA to 

20



PDMS9 in the solid/liquid interface is affected by the polarity of the side chains on the 

PDMS surface.  To unmodified PDMS surface,  CA adsorbs without denaturation as a 

result (figure 9). Most of the protein stays on the unmodified and the fluorinated PDMS 

when washed with solvents of higher water concentrations. CA does not adhere to the 

hydrophilic,  oxidized  PDMS due  to  its  hydrophobic  behavior.  The  CA denatures  in 

higher concentrations of methanol and less water, and the adhesion force is stronger in 

water solution and becomes smaller in solutions of increasing methanol concentration. 

Adhesion becomes smaller  when the polarity of the solution decreases.  The adhesion 

forces to PDMS surfaces are equal for the unmodified, fluorinated and oxidized PDMS.9 

5.3 Self-assembled monolayers

Figure 10. “Cartoon showing reversible adsorption of CA to mixed SAMs presenting ligands.”  The figure  

is taken from Mrksich et al., 1995.25

The use of alkanethiols on gold has also been studied (figure 10).25,45 Alkanethiols are 

self-assembled on e.g. gold to form self-assembled monolayers.33 Benzenesulfonamide 

has been used on SAMs of alkanethiolate to bind BCA.25 For a couple of SAMs, more 

than 90 % of the proteins were reversibly adsorbed to the surface,  while the fraction 

irreversibly adsorbing was less than 10 %. By using this type of method for adsorption, 

accurate specificity can be obtained.
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Three  variants  of  HCAII  have  been  studied  when  adsorbing  and  desorbing  to  four 

different solid surfaces made of self-assembled monolayers (SAM).10 The building blocks 

of the surfaces are the same, but the added groups differ. To create surfaces differing in 

properties  positively,  negatively,  hydrophilic  and hydrophobic surfaces were made by 

adding groups of -SO4
-,  -NH3

+,  -OH and -CH3,  respectively.  Three variants  of HCAII 

were  used,  namely  HCAIIpwt,  HCAIIS56N  and  HCAIIA23C/L203Cox,  that  are  differing  in 

stability,  where  HCAIIS56N  is  the  least  stable  and  HCAIIA23C/L203Cox is  the  most  stable 

variant.  Figure  11  shows  the  denaturation  curves  for  the  three  variants  of  HCAII. 

HCAIIA23C/L203Cox shows a two-state unfolding curve, indicating a more stable protein and 

more denaturant is needed to obtain the molten globule state. The mutations are located 

inside the proteins, to ensure that it is only the stability of the protein and the different 

surfaces  that  is  affecting  the  adsorption.  HCAIIA23C/L203Cox has  a  disulfide  bridge  and 

desorbs and adsorbs most easily of the variants. It also maintains its conformational state 

for  a  longer  time  after  adsorption  than  the  other  variants.  However,  no  significant 

difference between the protein variants concerning the rate of the initial  adsorption is 

registered, although the rate is lower for the most stable variant than for the other two. 

Figure 11. The stability  curves  of  denaturation for the three variants of  HCAII investigated.  “Protein  

stability curves for HCAII variants, based on values obtained by tryptophan fluorescence measurements in  

various concentration of GuHCl.” S56N, HCAIIpwt and A23C/L203Cox, from left to right. “The HCAIIpwt 

and S56N curves were fitted to a three-state transition (N->I->U), and the A23C/L203Cox curve was fitted 

to a two-state function (N->U).” The figure is taken from Karlsson et al. 2005.10 
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The highest amount of protein is adsorbed to the negatively charged surface.10 No change 

in orientation occurs upon adsorption or after some time. This surface shows the largest 

desorption of  proteins  when washing with buffer.  HCAIIA23C/L203Cox seems to  be in  its 

native state after being exposed to the surface. When it comes to the amount of protein 

adsorbed,  the hydrophilic  surface is  on the second place  after  the negatively charged 

surface.  There  is  a  lot  of  desorption  of  protein  from this  surface  after  washing  with 

buffer. Also in this case, the variant HCAIIA23C/L203Cox seems to be in its native state. A 

small amount of protein adsorbs to the positively charged surface. A small fraction of the 

protein  desorbs  from  the  surface  when  washing,  indicating  that  the  surface  induces 

denaturation  of  the  protein  upon  adsorption.  The  magnitude  of  desorption  from  the 

hydrophobic surfaces is less, indicating that the proteins are more tightly bound and more 

denatured at this surface compared to the other surfaces. 
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6. Possible applications for human carbonic anhydrase 

II

A couple of suggestions  for solving problems in biotechnology are  dependent  on the 

adsorption of proteins at solid surfaces at interfaces, e.g., immunoassays, biosensors, in 

medicine32, in biology, biotechnology and food processing.23 For applications of CA, both 

the esterase and CO2-activity can come into consideration,  even though just the CO2-

activity is treated in this work. The possibility to use CA as a CO2-handling agent is 

discussed, just like the application to measure or detect zinc ions. The manufacture of 

calcium carbonate is mentioned briefly, so as the use in ores. 

6.1 CO2-handling by carbonic anhydrase

The enzymatic activity of BCA can be used to dispose CO2 and create stable carbonate 

minerals,  e.g.  CaCO3,  after  reaction  with  for  example  Ca2+ ions.8 These  carbonate 

minerals  occur  naturally  in  the environment  and do not  affect  the surroundings.  The 

amount of CaCO3 precipitated is not affected by the amount of BCA, meaning that the 

reaction can not be accelerated with a larger amount of protein. On the other hand, the 

buffer affects the precipitation of CaCO3 by changing the pH. With the wrong buffer, no 

precipitation is occurring at all. At low pH, there is not enough carbonate ions, which 

prevents  precipitation.  The  amount  of  precipitated  CaCO3 decreases  with  increasing 

temperature,  between 0 and 30°C, even if  the rate  of  CO2 hydration  by the  enzyme 

increases with temperature.  
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6.2 Biosensors – measurement and detection 

The  study  of  how  biomolecules  are  influenced  by  binding  can  be  facilitated  using 

biosensors.26 HCAIIpwt and destabilized variants have been studied using this technique 

with benzenesulfonamide derivatives (figures 12 and 13). 

Figure 12. Examples of two benzenesulfonamide derivatives used for study of the interaction to HCAIIpwt 

mutants. The figure is taken from Sofia Svedhem et al., 2001.26

Figure 13. Examples of sulfonamide derivatives for binding of carbonic anhydrase II. The figure is taken  

from Elbaum et al., 1996.46

Biosensors have been used in previous work46-49 to study the kinetics  and affinity for 

CAII  inhibitors.  Biosensors  have  several  applications,  for  examples  measurement  or 

detection  of  metal  ions.  For  example,  biosensors  built  on  apo-HCAII  have  been 
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composed  for  measurement  of  the  amount  of  zinc  ions.46,48 There  are  a  couple  of 

problems concerning measurement of the amount of free zinc ions, though. The amount 

of zinc ions  is often very low in solution  in vivo and can be confused with other metal 

ions, such as calcium or magnesium ions, which have the same oxidation number (II) and 

appear  in  higher  concentrations.48 Biosensors  and  metalloenzymes  can  be  used,  e.g. 

HCAII,  to detect  zinc ions down to contents  of 10-1000 nM, which indicates  a high 

sensitivity of the sensor. Inhibitors bind to the holoenzyme, i.e. when zinc is bound to the 

protein46 and  this  can  also  be  measured,  see  below.  An  opportunity  when  using 

biomolecules  in  contexts  like  this  is  the  chance  to  modify  them  with  site-directed 

mutagenesis.  Variants  of  apo-HCAII  with  higher  affinity  for  zinc  and  better  binding 

kinetics have been produced.48 By changing the sulfonamide and zinc binding site in CA 

this  technique  can  be  optimized  for  detection  of  zinc.46 Also  a  biosensor  with  a 

sulfonamidate anion in the active site has been produced.49  In addition, a biosensor can 

be  made  of  a  dextran  hydrogel  with  attached  carboxylic  acid  groups  and 

benzenesulfonamide derivatives for study of HCAII.26 

The  zinc  biosensing  can  be  based  on  different  techniques,  among  them fluorescence 

energy transfer, fluorescence-labeled CA48 and fluorescence anisotropy46, which are all 

presented below. 

Fluorescence  energy transfer is  based on labeling  of  the  protein with  a  fluorescent 

agent, whose emission spectrum overlaps the absorbance spectrum of an aryl sulfonamide 

inhibitor of CA. The aryl sulfonamide inhibitors bind to the holoenzyme at the active site, 

i.e. when CA binds zinc, and thereby quenches fluorescence of the label in the protein if 

it  is adjacent to the active site (<25 Å). The fluorescence decreases due to resonance 

energy transfer (FRET) and this change in intensity can be measured, from which the 

zinc ion concentration can be estimated. To measure concentrations of other metal ions, 

inhibitors  are not important,  because only the binding of the metal  ions gives rise to 

enough quenching of  the  fluorophore.  Zinc does  not  quench as  much  as  other  metal 

ions.48
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Fluorescence  anisotropy can be employed  because of the fact  that  aryl  sulfonamide 

groups  that  fluoresce  change  their  anisotropy  when  binding  to  the  holoenzyme.  The 

anisotropy is  proportional  to  the  amount  of  zinc  bound.  Measuring  the  difference  in 

fluorescence anisotropy provides a technique with relatively high sensitivity,  accuracy 

and precision.46 

6.3 Protein chip technology

Techniques for detection and quantification of proteins are of great interest. To develop 

these techniques,  polypeptides  can be used as the capture  molecules  for protein  chip 

technology50. By varying the length and composition of the polypeptides, HCAII adsorbs 

in a different manner. Polypeptides can be modified after synthesis, reporter groups can 

be  attached  and  specific  recognition  sites  can  be  introduced.  By  using  different 

derivatives of inhibitors, for example benzenesulfonamide for CA, the adsorption to the 

specific molecules can be studied. 

6.4 Application in processing ores 

The process of dissolution of carbonate minerals in phosphate ores has been studied using 

CAII to be able to know more about the process and perhaps leading to an important 

application in the processing of ores.51 Knowledge from studies of dissolution of ores can 

be used to improve technology for exploitation of ores.52 
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7. Discussion

Why choose HCAII? The protein has been extensively studied and is well-known. The 

activity of “transforming” CO2 to bicarbonate and protons can be used in environmental 

applications to reduce the CO2 produced in industrial factories and in everyday life, like 

combustion in cars and industries.  When the adsorption of HCAIIpwt to solid surfaces is 

carried  out  at  4°C,  the  conformational  change  is  absent.  This  could  be  a  terrific 

opportunity! However, combustion, producing CO2 is in the most cases performed at high 

temperatures. If the product after combustion can be cooled in some way, perhaps this 

could be a solution. Yet, that process demands energy and is perhaps not the solution to 

the environmental  issue, considering the limited source of energy.  The CO2 hydration 

process  of  HCAII  produces  bicarbonat  ions  and  hydrogen  ions.  If  the  products  are 

allowed to react with, for example calcium hydroxide, Ca(OH)2, the insoluble CaCO3 can 

be produced and used as a building material in, for example, building roads. 

If  the conformational  change,  which  initiates  after  adsorption  of  the protein  to  silica 

nanoparticles,  can  be  avoided,  perhaps  the  protein  can  stay  adsorbed  and  keep  the 

nativity.   One, I would say,  prerequisite for using proteins adsorbed to solid surfaces 

would be to make more stable, engineered mutants to avoid the conformational change 

upon adsorption.  It  is  my own conclusion that  the applications  can be applied in  the 

present. The thing missing to make this possible is the stability of the protein and perhaps 

the way of storing the protein. Stabilization of proteins being used for biotechnological 

applications is necessary. The limitations of using proteins in industrial applications can 

be their desire to undergo conformational changes.  Why the proteins interact with the 

surface rather than to each other can be because of the entropic gain and the electrostatic 

forces to the surface upon interaction. 
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8. Conclusion

The stability is extensively affected when HCAII binds to solid surfaces. The adsorption 

induces a molten globule like state and denaturation in the protein because of a gain in 

entropy. More stable protein variants stay folded for a longer time than unstable ones and 

adsorb  more  readily,  too.  To  make  use  of  the  protein  activities  in  biotechnological 

applications, the stability of the protein has to be inceased, e.g. by using site-directed 

mutagenesis. The properties of the protein affect the interaction more than the properties 

of the surface do.  Applications  where the adsorption of HCAII can be used are,  e.g. 

detection and measurement of zinc ion levels. 

8.1 Suggestions for further work

Applications  for  the  estearase  activity  of  the  enzyme,  further  investigation  of 

thermodynamic  aspects  and a  more  extended study of the application  in ores are  the 

topics that should be addressed in the future. 
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