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Abstract 

In biosensors, printing involves the transfer of materials, proteins or cells to a substrate. It 

offers many capabilities that can be utilized in many applications, including rapid deposition 

and patterning of proteins or other biomolecules. However, issues such as stability when using 

biomaterials are very common. Using proteins, enzymes, as biomaterial ink require 

immobilizations and modifications due to changing in the structural conformation of the 

enzymes, which leads to changes in the properties of the enzyme such as enzymatic activity, 

during the printing procedures and requirements such as solvent solutions. In this project, an 

innovative approach for the fabrication of protein microparticles based on cross-linking 

interchange reaction is presented to increase the stability in different solvents. The idea is to 

decrease the contact area between the enzymes and the surrounding environment and also 

prevent conformation changes by using protein microparticles as an immobilization technique 

for the enzymes. The theory is based on using a cross-linking reagent trigging the formation 

of intermolecular bonds between adjacent protein molecules leading to assembly of protein 

molecules within a CaCO3 template into a microparticle structure. The CaCO3 template is 

removed by changing the solution pH to 5.0, leaving behind pure highly homogenous protein 

microparticles with a size of 2.4 ± 0.2 µm, according to SEM images, regardless of the 

incubation solvents. The enzyme model used is Horse Radish Peroxidase (HRP) with Bovine 

Serum Albumin (BSA) and Glutaraldehyde (GL) as a cross-linking reagent. Furthermore, a 

comparison between the enzymatic activity of the free HRP and the BSA-HRP protein 

microparticles in buffer and different solvents are obtained using Michaelis-Menten Kinetics 

by measuring the absorption of the blue product produced by the enzyme-substrate interaction 

using a multichannel spectrophotometer with a wavelength of 355 nm. 3,3’,5,5’-

tetramethylbenzidine (TMB) was used as substrate. As a result, the free HRP show an 

enzymatic activity variation up to ± 50 % after the incubation in the different solvents while 

the protein microparticles show much less variation which indicate a stability improvement. 

Moreover, printing the microparticles require high microparticle concentration due to contact 

area decreasing. However, using microparticles as a bioink material prevent leakage/diffusion 

problem that occurs when using free protein instead. 
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HRP:   Horse Radish Peroxidase 

BSA:   Bovine Serum Albumin 

MP:  Microparticles 

BSA-HRP MP:  Bovine Serum Albumin – Horse Radish Peroxidase 

PBS:   Phosphate buffered saline 

TMB:  3,3’,5,5’-Tetramethylbenzidine 

GL:   Glutaraldehyde 

CaCO3  Calcium Carbonate  

Km:  Michaelis Constant 

SEM:   Scanning Electron Microscope 

OM:  Optical Microscope 

PET:   Polyethylene Terephthalate 

NP:  NanoParticles 

CNT:  Carbon Nanotubes 

H-bond:  Hydrogen bond 

DNA:   Deoxyribonucleic Acid 

S:  Substrate 

E:   Enzyme 

P:  Product 

ES:   Substrate-Enzyme Complex 

EP:  Substrate-Product Complex 

DI-water:  Deionized water 

V0:  Initial Reaction Velocity 

Vmax:  Maximum Reaction Velocity 

CLEA:  Cross-Linked Enzyme Aggregates 
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1. Introduction 

 

1.1 Background 

Printable devices is a new technology trend. The printed electronics technology takes rapid 

steps into development due to promising future of low cost, high volume and high throughput 

production of electronic components and devices that are lightweight, small, thin, flexible, 

inexpensive and disposable. By lowering production expenses, printing electronics gains its 

potential value. In general, the cost of printed electronics is expected to several orders of 

magnitude cheaper than Silicon per unit area. Moreover, printed electronics can provide 

flexibility and robustness which allow incorporation of electronics.  

One of the challenges in printable bioelectronics is the integration components with current 

printing formulation. Cross-linked proteins (such as enzymes) is a potentially solution which 

can increase the stability against the denaturation effect of temperature, pH and solvents. A 

method of highly homogenous protein microparticles based on CaCO3 template at physical 

condition has currently been developed in a facile and eco-friendly way. In this thesis, the 

potential use of protein microparticles has been explored for the development of 

bioelectronics devices. 

 

1.2 A Brief Introduction to Printing and Printed Electronics 

The term printing refers to the process of duplicating text and images on, e.g., paper, plastic, 

etc. The printing revolution can be divided mainly into four revolutions phases. The first 

printing revolution began with Johannes Gutenberg from Germany in the 1440’s1 where the 

information stored in books broke the limits of institutions. It stabilized scientific discussion 

and made it possible to refer to books. The second printing revolution came with the Internet 

and personal printing. It started a new level of communication which made paper and books 

old fashioned, slow, and changes our society and science all the time. The third revolution is 

about printed electronics. And this revolution combines the achievements of the printing 

                                                           
1 The History Guide. Lectures on Modern European Intellectual History.  

Available: 

http://www.historyguide.org/intellect/press.html 

http://www.historyguide.org/intellect/press.html
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industry and those of the electronics and digitalization world. The fourth revolution started 

with 3D printing. 

In the context of printed electronics, printing is the process of adhering electronically 

functional materials to various surfaces such as paper, plastic, etc. The printed electronics 

technology takes rapid steps into development due to promising future of low cost, high 

volume and high throughput production of electronic components and devices which are light 

in weight, small, thin, flexible, inexpensive and disposable. Usually, electronic devices are 

manufactured by photolithography, vacuum deposition, etc. All these methods requires many 

steps which in turn require high cost equipment and the use of environmentally undesirable 

chemicals which result usually in the formation of large amounts of waste. The market for 

printed electronics is estimated to exceed $300 billion dollar over the next 20 years requires 

fast, cheaper and eco-friendly techniques.2 However, printed electronics is not a substitute for 

conventional silicon-based electronics (which is based on silicon material), due to the wide 

applications and advantages, but it allows us to enter a new era of low cost printed circuits 

based on, e.g., conductive, semi-conductive or biomolecular materials. 

The practicality of printed electronics depend mainly on the development of ink used to create 

different electronic components or devices which is the main cost consumption. By lowering 

production expenses, printing electronics gains its potential value. In general, the cost of 

printed electronics is expected to several orders of magnitude cheaper than Silicon per unit 

area. Moreover, printed electronics can provide flexibility and robustness which allow 

incorporation of electronics functions into objects that contain active electronic components, 

e.g., printed advertising material or electronic labels. However, advances in material science 

are required that can produce functional ink forming electronic devices as well as the 

substrates where the ink is printed. 

Furthermore, the key motivation for printing electronics are: 

 Large area (or Roll-to-Roll) processing. (Other technologies would be difficult/slow) 

 Difficulty in processing materials otherwise such as materials compatibility (e.g. 

glucose sensor strips, OLEDs) and substrate topography (e.g. thin solar cells) 

 Thin product, i.e. roll able 

                                                           
2 A. Kamyshny and S. Magdassi. “Conductive Nanomaterials for Printed Electronics”. Small 17, 3515-3535, 2014. 
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 Price: Extreme low price (ex: battery sample, PV, OLEDs) 

Here is some of the main application of printed electronics: 

 Electronics: E.g. components, conductors, circuit boards 

 Optics: E.g. light guides, micro lenses 

 Display: E.g. OLED displays, liquid crystal displays 

 Sensor and indicators: E.g. temperature sensor, moisture sensors, oxygen sensors, 

chemical compound sensor 

 Biosensor: E.g. glucose sensor strips, oxygen sensors, chemical compound sensor 

 

1.3 Materials 

The choice of the material is mainly determined by; the required physical properties of the 

printed pattern, such as conductivity, optical transparency, stability to bending and adhesion, 

etc.; the required physical and chemical properties of the ink, such as aggregation and 

stability, and by required compatibility with the printing device. The ink part will be the focus 

of this thesis. 

Materials that are used in printed electronics are based on electrically active materials that can 

be used as conductors, semiconductors, dielectrics, etc. The main challenge is the developing 

of the material due to the variety conditions of the printing process that have to be satisfied, 

e.g. low temperature, high throughput, interaction with other layers including compatibility of 

printed layers such as wetting, adhesion and dissolving as well as drying procedures after 

printing of liquid layers. All these conditions have a large influence on the devices or the 

components performance. 

The second requirement of printed materials is that they must have the ability to be processed 

in liquid form, i.e. solution, dispersion or suspension. Printed electronics can utilize various 

solution based materials including both organic and inorganic materials. Inorganic materials 

used for printing are dispersion of metallic microparticles and even nanoparticles, e.g. silver, 

gold or copper particles in a matrix. These metallic based conductive inks are commonly used 

for printed conductive components and circuit components on both flexible and rigid 

substrates. There are also carbon based inks with carbon particles in a matrix. 
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Printed organic materials started with the discovery of conducting polymers. The discovery of 

new essential properties of polymers to conduct electricity gave rise to new applications.3 

Conducting polymer in the semiconductor are used for the realization of organic light-

emitting diodes (OLEDs), organic field-effect transistors (OFETs), solar cells, sensors, etc. 

Due to the possibility of the polymer to be processed in a solution, they become a great 

interest for electronic applications. However, one of the challenges is that the charge carrier 

mobility of organic polymers is very low.4 Higher mobility can be achieved by changing the 

solution process. This can also be achieved by developing and optimizing small molecule 

materials and polymers as well as new materials, e.g. inorganics material, carbon nanotubes, 

hybrid (organic-inorganic) materials. Other challenges using conductive polymers, aside of 

the low conductivity, are the chemical, thermal, and electrical instabilities.5 

Some of the advantages of organic materials that makes it interesting are, e.g. large area 

coverage, processability in liquid form, low-temperature processing, structural flexibility and 

the possibility for functional properties adjustment, i.e. chemical modification. However, 

many organic materials have stability and activity issues in the air and in solvents due to their 

interaction with the surrounding environment, which reduce the lifetime of printed functional 

layers or the printed functional component. For instance, some biosensors using printed 

enzymes require good stability. This can be accomplished by mobilizing, or modifying, the 

enzymes as microparticles in different organic solvents, which is the main purpose of this 

thesis.  

Conductive metal nanomaterials, NPs, and Carbon nanotubes (CNTs) are another types of 

materials that can be used in printed electronics. They can accomplish faster circuits due to 

much higher charge mobility and the applications of NPs and CNTs films for printing 

different devices and components like thin film transistors, transparent Electrodes, RFID 

(Radio Frequency Identification) tags, light emitting devices, diodes, circuit elements, solar 

cells, displays, sensors, etc. Due to the applications above, these materials has been the 

subject of research interest in the excellent performance of NPs and CNTs such as great 

                                                           
3 Noble Prize. The Official Web Site of the Noble Prize. 

Available: 

http://www.nobelprize.org/nobel_prizes/chemistry/laureates/2000/press.html 
4 T. A. Skotheim. “Handbook of Conducting Polymers”. 2nd Edition. 1997. 

Available: 

http://books.google.se/books?id=6GRovXHas_MC&printsec=frontcover&hl=sv&source=gbs_ge_summary_r&cad=0#v=one

page&q&f=false 
5 Y. Li, Y. Wu, and B. S. Ong. “Facile Synthesis of Silver Nanoparticles Useful for Fabrication of High-Conductivity 

Elements for Printed Electronics”. J. AM. CHEM. SOC. 127, 3266-3267, 2005. 

http://www.nobelprize.org/nobel_prizes/chemistry/laureates/2000/press.html
http://books.google.se/books?id=6GRovXHas_MC&printsec=frontcover&hl=sv&source=gbs_ge_summary_r&cad=0#v=onepage&q&f=false
http://books.google.se/books?id=6GRovXHas_MC&printsec=frontcover&hl=sv&source=gbs_ge_summary_r&cad=0#v=onepage&q&f=false
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mechanical flexibility, and low cost mass fabrication.6 Nobel metals such as silver and gold 

are typical metal used as NPs in printed electronics due to the good properties such as high 

conductivity. 

However, there are some issues using NPs and CNTs. For instance, NPs should be stable 

against aggregation and precipitation in order to provide repeatable performance. In other 

words, NPs have stability issues which can be solved by addition of a stabilizing agent, 

however, the stabilizing agent can cause other issues such as decreasing in conductivity. Other 

challenges are, for instance, silver and gold require high temperature and high vacuum 

deposition, and also the high cost.7 

The main challenge using CNTs is that the Van Der Waals interaction between the CNTs 

causes the tubes to aggregates forming a large bundle which causes a blockage while printing, 

also the electric current flows only on the outermost tubes in the bundle, i.e. no current in the 

inner. Therefore, modifications is the formulation are needed, however, these modifications 

should not affect the chemical and the physical properties and also the chirality of the CNTs.8 

Other issues using CNTs is the safety and toxicity. Also, the CNTs technology is relatively 

new and it is expensive, for now. 

 

1.4 Printing for Biosensor 

For diagnostic, environmental and medical applications of biosensors, it is necessary for the 

biosensor to be able to detect, quantify, and report rapidly. In other words, the applications of 

biosensor require high performance, real time monitoring of physiological events, detection of 

toxins and advanced diagnostics. These requirements increases the demands on biosensor 

such as high sensitivity, high specificity, high throughput and the ability to increase the 

detection limit. Furthermore, biosensors tend to contain more costly materials and 

components, such as enzymes and antibodies, and tent to have the necessity of accuracy. All 

these demands make printed electronics, for instance ink printing, an ideal technology for 

manufacturing biosensors. Delivering the precise quantity of fluid that is required, the low 

                                                           
6 A. Kamyshny and S. Magdassi. “Conductive Nanomaterials for Printed Electronics”. Small 17, 3515–3535, 2014. 
7 Y. Li, Y. Wu, and B. S. Ong. “Facile Synthesis of Silver Nanoparticles Useful for Fabrication of High-Conductivity 

Elements for Printed Electronics”. J. AM. CHEM. SOC. 127, 3266-3267, 2005. 
8 A. Kamyshny and S. Magdassi. “Conductive Nanomaterials for Printed Electronics”. Small 17, 3515-3535, 2014. 
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cost, the easy formulation and the mass production are some of the reasons why printed 

electronics are a supreme technology for biosensors. 

Printing in biosensor involves the transfer of materials, proteins or cells to a substrate. It 

offers many capabilities that can be utilized in biosensor applications, including rapid 

deposition and patterning of proteins or other biomolecules. There are many printing 

technologies that can be used in fabrication of biosensor, e.g. inkjet printing, screen printing 

electrode position, soft photolithography, etc. However, the focus of this project will be only 

on the materials used in printing technologies that use inks as a printing method, i.e. the ink 

material.  

 

1.5 Ink Materials in Biosensors 

Different types of material can be used as ink materials in biosensor such as NPs, proteins, 

enzymes, biomolecules, polymers, etc. However, the majority of these materials cannot be 

printed directly, some clever modifications have to be applied. Having the materials as a 

solution in a solvent is one type of modification that can be used, e.g. as solution in organic 

solvents, which is usually used in the printing process. Consequently, some of these material 

experiencing a hostile environment which could decrease the essential properties of the 

material. For instance, as this thesis work is about, having an enzyme in an organic solvent 

affect the enzymatic activity which makes the ink material less desirable. Further 

immobilization and modifications are necessary to maintain the properties of the ink material 

(the protein) in organic solvents. 

An example of using printing technology, preparation and modification of ink materials is, for 

instance, positioning of cells in a desired pattern on a substrate using inkjet technique9, where 

this technology is essential for understanding the cell functions, cell-cell communication, 

tissue engineering applications and the fabrication of cell based biosensors.10 11 Living cells or 

cell adhesive proteins where used as ink materials. The challenges are that when the droplets, 

containing cells or proteins, are printed they experience high shear stress when passing 

                                                           
9 H. Yamazoe, T. Tanabe. “Cell micropatterning on an albumin-based substrate using an inkjet printing technique”. Journal 

of Biomedical Materials Research Part A, 1202-1209, 2009. 
10 N. Li, A. Tourovskaia and A. Folch. “Biology on a Chip: Microfabrication for Studying the Behavior of Cultured Cells”. 

Crit Rev Biomed Eng. 31(0), 423-488, 2003. 
11 Y. Ito. “Surface micropatterning to regulate cell functions”. Biomaterials 20, 2333-2342, 1999. 
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through the nozzles of the printer head. The droplets experience also high temperatures as 

thermal inkjet printing. This causes damage to the proteins and the cells. Other challenge are 

that the cell suspensions and protein solutions have the tendency to block the nozzles of the 

printer. Also, cell suspensions and protein solutions cannot be stably stored in an ink cartridge 

at room temperature for long time.12 13 A solution is using Serum Albumin which is a protein 

in blood plasma that has the properties to avoid other protein adsorption and cell adhesion on 

its coated surface. A water-insoluble cross-linked Albumin film that has the properties of 

native Albumin, such as resistance to cell adhesion and drug binding ability, was prepared. 

This cell nonadhesive film could be changed to become cell adhesive by irradiation with UV 

light.14 Furthermore, a various substances containing organic solvents, proteins were tested to 

find a reagent that convert nonadhesive cross-linked Albumin substrate to become cell 

adherent. Then, cellular micropatterns were created by printing the selected reagents onto 

cross-linked Albumin substrates using an inkjet printer. The result was a stable substance 

under shear stress or high temperature, clogging of the printer head was avoided and the 

substance was stably preserved in an ink cartridge at room temperature for longer time.15 

Another example is the deposition and pattering of enzymes by using inkjet printing increase 

the possibility of bio manufacturing applications such as diagnostics, biosensor, active and 

intelligent packaging, and microarrays.16 The enzymes that had been printed are Glucose 

Oxidase, Acetylcholinesterase, Laccase, Alkaline Phosphatase, and Horse Radish Peroxidase. 

The main challenge here is how to make the ink, which contain enzymes, adhere to the 

substrate material, i.e. wet the material, while maintain the enzymatic activity of the 

enzyme.17 To make the ink adhere to the substrate, the surface tension of the ink solution has 

to be lower than surface energy of the substrate.18 An ideal solution for the enzyme is an 

aqueous solution to maintain the enzymatic activity. However, most substrate materials have a 

                                                           
12 I. Barbulovic-Nad, M. Lucente, Y. Sun, M. Zhang, A. R. Wheeler and M. Bussmann. “Bio-Microarray Fabrication 

Techniques-A Review”. Critical Reviews in Biotechnology 26, 237-259, 2006. 
13 T. Xu, J. Jin, C. Gregory, J. J. Hickman and T. Boland. “Inkjet printing of viable mammalian cells”. Biomaterials 26, 93-

99, 2005. 
14 H. Yamazoe, T. Tanabe. “Preparation of water-insoluble albumin film possessing nonadherent surface for cells and ligand 

binding ability”. J Biomed Mater Res A. 86(1), 228-234, 2008. 
15 H. Yamazoe, T. Tanabe. “Cell micropatterning on an albumin-based substrate using an inkjet printing technique”. Journal 

of Biomedical Materials Research Part A, 1202-1209, 2009. 
16 G. Arrabito, C. Musumeci, V. Aiello, S. Libertino, G. Compagnini and B. Pignataro. “On the Relationship between Jetted 

Inks and Printed Biopatterns: Molecular-Thin Functional Microarrays of Glucose Oxidase”. Langmuir 25(11), 6312-6318, 

2009. 
17 J. N. Talbert, F. He, K. Seto, S. R. Nugen and J. M. Goddard. “Modification of glucose oxidase for the development of 

biocatalytic solvent inks”. Enzyme and Microbial Technology 55, 21–25, 2014. 
18 R. M. Podhajny. “Surface Tension Effects on the Adhesion and Drying of Water-Based Inks and Coatings”. Springer US, 

41-58, 1991. 

http://www-ncbi-nlm-nih-gov.e.bibl.liu.se/pubmed/?term=Yamazoe+H%2C+Tanabe+T.+Preparation+of+water-insoluble+albumin+film+possessing+nonadherent+surface+for+cells+and+ligand+binding+ability
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surface tension higher than an aqueous solution. The modifications made here are; surfactants 

(to reduce the surface tension of aqueous based solutions); modification of substrate surface 

chemistry (through coating with hydrophilic materials which increase the surface energy of 

the material); and the use of nonpolar solvents.19 Enzyme in nonpolar solvent inks is limited 

by enzyme solubility. The enzymes, in this case, maintain the activity in nonpolar solvents 

such as Toluene and Hexane. However, they are not soluble.20 To increase solubility in 

nonaqueous conditions, enzyme has been entrapped within reverse micelles, changed by 

genetic approaches, as well as modified by chemical methods including immobilization, 

crosslinking, PEGylation, and hydrophobic ion pairing.21 

 

1.6 The Purpose  

The main purpose of this thesis is to utilize a state of the art method by making cross-linked 

protein microparticles to obtain and enhance stability of the enzymatic activity of a certain 

protein in hostile environments, such as organic solvents, (temperature and pH if time 

permitted), which then can be used with commercial ink materials for development of 

bioelectronics devices. The state of the art method involves cross-linking of proteins made of 

Bovine Serum Albumin - Horse Radish Peroxidase (BSA-HRP) in porous Calcium Carbonate 

(CaCO3) template using Glutaraldehyde (GL) as cross-linking reagent.22  

It has been reported that similar methods show many benefits including protein stability 

increasing in hostile environments. For instance, immobilization of proteins in 

Polyacrylamide microparticles by cross-linking using emulsion polymerization technique 

show stability improvement of protein molecules against heat denaturation23. Immobilization 

by cross-linking show also stability improvement of enzymes in different conditions such as 

thermal, chemical, pH, mechanical, etc.24  

                                                           
19 P. Calvert. “Inkjet Printing for Materials and Devices”. Chem. Mater. 13, 3299-3305, 2001. 
20 C. Laane, S. Boeren, K. Vos and C. Veeger. “Rules for Optimization of Biocatalysis in Organic Solvents”. Biotechnology 

and Bioengineering, Vol. 30, 81-87, 1987. 
21 S.Torres, G. Castro. “Non-aqueous biocatalysis in homogeneous solvent systems”. Food Technol Biotechnol 4, 271-277, 

2004. 
22 K. K. Lai, R. Renneberga and W. C. Mak. “Bioinspired protein microparticles fabrication by peptide mediated disulfide 

interchange”. RSC Adv. 4, 11802-11810, 2014. 
23 B. Ekman and I. Sjoholm. “Improved Stability of Proteins Immobilized in Microparticles Prepared by a Modified 

Emulsion Polymerization Technique”. Journal of Pharmaceutical Sciences, Vol. 67, No. 5, 693-696, 1978. 
24 I. Migneault, C. Dartiguenave, M. J. Bertrand and K. C. Waldron. “Glutaraldehyde: behavior in aqueous solution, 

reaction with proteins, and application to enzyme crosslinking”. BioTechniques 37, 790-802, 2004. 
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Another immobilization method, which also involves cross-linking has been reported. The 

method called cross-linked enzyme aggregate (CLEA) which have many economic and 

environmental benefits in industrial application such as; easy preparations, low costs and 

operational stability towards denaturation by heat, organic solvents, and autoproteolysis.25 

CLEA show also enhancement in thermal and storage stabilities of Tyrosinase26; increase 

stability of Alpha Amylase from Bacillus Amyloliquefaciens in solvents, pH and 

temperature.27 

 

 

1.7 Goals of Thesis 

The goals of the thesis are the following: 

 Literature review on enzyme and enzymatic activity 

 Literature review on cross-link protein and studies on solvent effect towards enzyme 

activities 

 Training on fabrication of protein microparticles and characterization techniques 

 Choice of enzyme model and solvents 

 Design and assay development to characterize the solvent effects 

 Testing printing of protein microparticles with conducting inks (e.g. in-house or 

commercial available conducting inks) for fabrication of bioelectronics devices 

  

                                                           
25 R. A. Sheldon. “Characteristic features and biotechnological applications of cross-linked enzyme aggregates (CLEAs)”. 

Appl Microbiol Biotechnol 92, 467-477, 2011. 
26 B. Selin Aytar, U. Bakir. “Preparation of cross-linked tyrosinase aggregates”. Process Biochemistry 43, 125-131, 2008. 
27 S. Talekar, S. Waingade, V. Gaikwad, S. Patil and N. Nagavekar. ”Preparation and characterization of cross linked 

enzyme aggregates (CLEAs) of Bacillus amyloliquefaciens alpha amylase”. J Biochem Tech 3(4), 349-353, 2012. 
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2. Characterization and analysis methods 

A brief introduction on the characterization and the analysis methods used in this thesis. 

 

2.1 Characterization Methods 

Two characterization methods are used in this thesis; Optical Microscopy (OM) and Scanning 

Electron Microscopy (SEM).  

 

2.1.1 Optical Microscope 

The optical microscope, often referred to as the light microscope, is believed that Dutch 

spectacle makers, Zacharias Jansen and his father Hans are responsible for making the first 

compound microscope in the late 16th century (Z Janssen c. 1580 - 1638).28 The optical 

microscope is an extremely powerful tool used, e.g. in microelectronics, microphysics, 

biotechnology, mineralogy and microbiology, that utilizes focused beams of photons to 

magnify an object. 

The optical microscope is constructed by lenses and a light source that illuminates the sample. 

It uses at least two lenses to produce a magnified image. There is a lens above the object 

called the objective lens (produces a real and inverted image of the object) and another lens 

near the eye called the eyepiece or ocular lens. Also there is a lens under the object called the 

condenser lens, which condense the light on to the object. Some microscope have a projector 

lens which reverses the direction of the image so that when the image reaches the eye it will 

not appear "upside-down". Each of these may be made up of a series of different lenses. Most 

compound microscopes can magnify by 10x, 20x, 40x, or 100x. The objective lens produces a 

real and inverted image of the object situated at the field called the diaphragm, which controls 

the size of the object that is visualized. The light from this image passes then through the 

eyepiece which works like a magnifying glass. 

                                                           
28 History of the microscope. Optical microscope invention and the first microscopes. 

Available: 

http://www.history-of-the-microscope.org/invention-of-glass-lenses-and-the-history-of-the-light-microscope.php 

http://www.history-of-the-microscope.org/invention-of-glass-lenses-and-the-history-of-the-light-microscope.php
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The magnification of the microscope is the ratio of the size of the image, as seen through the 

microscope, over the size of the image as seen by the naked eye. The total magnification will 

be the product of the magnification of the objective and the eyepiece. In modern light 

microscopy, one can acquire a picture of the image, or a movie sequence of images. This can 

be done by placing a camera after the eyepiece. A common camera for acquiring both movie 

sequences and single images is the CCD camera. 

The light from the light source is directed by the condenser lens on to the sample. Some of the 

light rays from the sample refract and diffract and then pass through the objective lens. This 

lens is the main factor for the level of magnification. The light rays travel then to the oracular 

lens. The image is then projected into the eye. Figure 1 show a typical light microscope. 

The main advantages of OM are the simplicity and very easy sample preparations are needed. 

However, the low resolution (0.2 µm) is the main drawback of the technique. 

 

Figure 1. Schematic drawing of optical microscope.29 

 

2.1.2 Scanning Electron Microscope 

The Scanning Electron Microscope is developed by Professor Charles Oatlev 194830, and is 

one of the electron microscopes types which utilize the same basic principles as light 

microscopes, but focus beams of energetic electrons instead of photons, to magnify an object.  

                                                           
29 The Compound Light Microscope.  

Available: 

http://www.cas.miamioh.edu/mbiws/microscopes/compoundscope.html 
30 A. Bogner, P. H. Jouneau, G. Thollet, D. Basset, C. Gauthier. “A history of scanning electron microscopy developments: 

Towards “wet-STEM” imaging”. Micron 38, 390-401, 2007. 

http://www.microscopemaster.com/compound-light-microscope.html
http://www.microscopemaster.com/compound-light-microscope.html
http://www.cas.miamioh.edu/mbiws/microscopes/compoundscope.html
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Scanning Electron Microscope (SEM) is a very powerful magnification instrument that 

utilizes focused beams of high energy electrons to generate a variety of signals at the surface 

to obtain information. The information is obtained due to electron-sample interactions which 

can give high resolution (less than 5 nm) information about the solid sample including 

external morphology, topography, chemical composition, crystalline structure and orientation 

of materials making up the sample.31 

The principle of SEM is using accelerated electrons carry kinetic energy, this energy produces 

a variety of signals when electron-sample interactions occur when the incident electrons are 

decelerated in the solid sample. The signals produced are: secondary electrons (SE) that 

produce SEM images; backscattered electrons (BSE) are incidental electrons reflected 

backwards, the images provide composition data related to element and compound detection, 

although topographic information can be obtained using a backscatter detector; diffracted 

backscattered electrons (EBSD) that are used to determine crystal structures and orientations 

of minerals; photons as characteristic X-rays that are used for elemental analysis and 

continuum X-rays, the X-ray emitted from beneath the sample surface, can provide element 

and mineral information; and visible light (cathodoluminescence–CL). Secondary electrons 

and backscattered electrons are commonly used for imaging samples. Secondary electrons are 

most used for showing morphology and topography on samples and backscattered electrons 

are more used for illustrating contrasts in composition in multiphase samples.32 SEM analysis 

is considered to be nondestructive; which means that the electron interactions with the sample 

does not lead to volume loss of the sample, i.e. it is possible to analyze the same materials 

repeatedly. 

The process begins with an electron gun generating a beam of energetic electrons down onto a 

series of electromagnetic lenses which can be adjusted to focus the incident electron beam 

onto the sample. The magnification as well as the surface area to be scanned can be controlled 

via a computer. Most samples require some preparation before being placed in the vacuum 

                                                           
31 A. Bogner, P. H. Jouneau, G. Thollet, D. Basset, C. Gauthier. “A history of scanning electron microscopy developments: 

Towards ”wet-STEM” imaging”. Micron 38, 390-401, 2007. 
32 P. Somasundaran. ”ENCYCLOPEDIA OF Surface and Colloid Science”. 2nd Edition. 2006. Page 2283-2284. 

Available: 

https://books.google.se/books?id=P6jMToZhv_EC&pg=PA2283&lpg=PA2283&dq=principle+of+scanning+electron+micros

cope+article&source=bl&ots=LrFlPWBARh&sig=R3mu0M5q4bs7ma_7wO-ZSXUycQY&hl=sv&sa=X&ei=W5-

QVNTFPIjXyQOd_IDADA&ved=0CGUQ6AEwBzgK#v=onepage&q=principle%20of%20scanning%20electron%20micros

cope%20article&f=false. 

http://serc.carleton.edu/research_education/geochemsheets/electroninteractions.html
http://serc.carleton.edu/research_education/geochemsheets/bse.html
http://serc.carleton.edu/research_education/geochemsheets/ebsd.html
http://serc.carleton.edu/research_education/geochemsheets/xrays.html
http://serc.carleton.edu/research_education/geochemsheets/semcl.html
https://books.google.se/books?id=P6jMToZhv_EC&pg=PA2283&lpg=PA2283&dq=principle+of+scanning+electron+microscope+article&source=bl&ots=LrFlPWBARh&sig=R3mu0M5q4bs7ma_7wO-ZSXUycQY&hl=sv&sa=X&ei=W5-QVNTFPIjXyQOd_IDADA&ved=0CGUQ6AEwBzgK#v=onepage&q=principle%20of%20scanning%20electron%20microscope%20article&f=false
https://books.google.se/books?id=P6jMToZhv_EC&pg=PA2283&lpg=PA2283&dq=principle+of+scanning+electron+microscope+article&source=bl&ots=LrFlPWBARh&sig=R3mu0M5q4bs7ma_7wO-ZSXUycQY&hl=sv&sa=X&ei=W5-QVNTFPIjXyQOd_IDADA&ved=0CGUQ6AEwBzgK#v=onepage&q=principle%20of%20scanning%20electron%20microscope%20article&f=false
https://books.google.se/books?id=P6jMToZhv_EC&pg=PA2283&lpg=PA2283&dq=principle+of+scanning+electron+microscope+article&source=bl&ots=LrFlPWBARh&sig=R3mu0M5q4bs7ma_7wO-ZSXUycQY&hl=sv&sa=X&ei=W5-QVNTFPIjXyQOd_IDADA&ved=0CGUQ6AEwBzgK#v=onepage&q=principle%20of%20scanning%20electron%20microscope%20article&f=false
https://books.google.se/books?id=P6jMToZhv_EC&pg=PA2283&lpg=PA2283&dq=principle+of+scanning+electron+microscope+article&source=bl&ots=LrFlPWBARh&sig=R3mu0M5q4bs7ma_7wO-ZSXUycQY&hl=sv&sa=X&ei=W5-QVNTFPIjXyQOd_IDADA&ved=0CGUQ6AEwBzgK#v=onepage&q=principle%20of%20scanning%20electron%20microscope%20article&f=false
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chamber. Of the variety of different preparation processes, the two most commonly used are 

sputter coating for nonconductive samples and dehydration of most biological specimens. 

SEMs consist of the following components: electron Source (a gun), electron lenses, sample 

stage, detectors, display, power supply, vacuum system and cooling system. See figure 2. 

 

Figure 2. Schematic drawing of SEM.33 

Advantages: Some of the advantages of a SEM are; its wide-array of applications, the detailed 

two- and three-dimensional and topographical imaging, the useful information generated from 

different detectors, easy to operate with the proper training and works fast. 

Disadvantage: The disadvantages of SEM are; SEMs are expensive, large and must be in an 

area free of any electric, magnetic or vibration interference, special training is required to 

operate an SEM as well as sample preparations. The sample preparations can have 

undesirable influence on the sample that can be minimized with experience researching. Also, 

SEMs are limited to solid and inorganic samples that can handle vacuum pressure. Insulating 

samples must be coated with an electrically conductive coating for study in SEM. Sample 

preparation depends on the samples and the data required. Often minimal preparation 

required. However, electrically insulating samples are often coated with a thin layer of 

conducting material, e.g. gold, silver, platinum or some other metal or alloy. Metal coatings 

are effective for high resolution electron imaging applications. 

                                                           
33 WIKIPEDIA. The Free Encyclopedia. 

Available: 

http://en.wikipedia.org/wiki/Scanning_electron_microscope#mediaviewer/File:Schema_MEB_(en).svg 

http://en.wikipedia.org/wiki/Scanning_electron_microscope#mediaviewer/File:Schema_MEB_(en).svg
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2.2 Analysis method 

The analysis method used in this thesis is Spectrophotometry. 

2.2.1 Spectrophotometry 

Spectrophotometry is a measurement of the reflection or transmission properties of a material 

as a function of wavelength. The instrument works by letting a beam of light passing through 

a sample and then measuring the intensity of light reaching a detector. When a beam of 

photons hit the sample’s molecules, several interactions may occur, e.g. photoelectric effect, 

Compton’s effect and pair production. These interactions cause absorption of photons and 

reduce the number of photons in the origin beam, thus reducing the intensity of the light beam 

at the detector.  

Usually a spectrometer consists of a light source which produces a desired range of 

wavelength of light. Then there is a collimator which is a lens that order the direction of the 

light beams before passes through a monochromator which can be a prism or a grating that 

split the light into different wavelengths. Then, a slit allow only the desired wavelength passes 

throw and hit the sample. Thereafter, a detector detects the amount of photons that absorbs 

and sends a signal to a display34, see figure 3. 

 

Figure 3. Schematic drawing of spectrophotometer.35  

 

                                                           
34 THE UNIVERSITY OF QUEENSLAND, AUSTRALIEN. Spectrophotometry. 

Available: 

http://www.di.uq.edu.au/sparqspectro  
35 ChemWiki. The Dynamic Chemistry E-textbook. 

Available: 

http://chemwiki.ucdavis.edu/Physical_Chemistry/Kinetics/Reaction_Rates/Experimental_Determination_of_Kinetcs/Spectro

photometry  

 

http://www.di.uq.edu.au/sparqspectro
http://chemwiki.ucdavis.edu/Physical_Chemistry/Kinetics/Reaction_Rates/Experimental_Determination_of_Kinetcs/Spectrophotometry
http://chemwiki.ucdavis.edu/Physical_Chemistry/Kinetics/Reaction_Rates/Experimental_Determination_of_Kinetcs/Spectrophotometry
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3. Enzyme and Enzymatic Activity  

The properties of enzymes have promoted their introduction into present day biotechnology 

with applications vary from food and beverage industries, detergent, brewing, textile, paper 

industries, biosensor industries, etc. The global market for industrial enzyme is worth more 

than €2 billion per annum and it is still growing rapidly. The industrial interesting for enzyme 

is due to large potential of enzymes where the production processes can be much faster and 

cheaper.36 

An enzyme is macromolecular biological catalysts mostly are proteins that are a biological 

catalyst with important functions. The function of an enzyme is to increase the rate of a 

reaction, e.g. in digestion of food, synthesis of DNA, etc. Many cellular reactions occur much 

faster in present of enzyme. Enzymes act specifically with reactant called a substrate to 

produce products. Almost all chemical reactions in a biological cell need enzymes in order to 

occur. Enzyme increases the rate of a reaction by lowering its activation energy. As a result, 

products are formed faster and reactions reach their equilibrium state more rapidly. 

Furthermore, enzymes are not consumed by the reactions they catalyze, neither altering the 

equilibrium of these reactions and they are highly specific for their substrates.  

Enzyme activity, or enzymatic reaction, is the conversion of one molecule into another. The 

enzyme reactions are described by the formation of a complex between the enzyme (E) and its 

substrate (S), i.e. the ES complex, which decomposes to product (P) and enzyme37 38, see 

figure 4. The substrate binding occurs in a pocket on the enzyme called the active site, see 

figure 5. The enzymes accelerate reactions by lowering the free energy of activation where the 

equilibrium of the reaction remains unaffected by the enzyme. As mentioned before, enzymes 

are not consumed by the reactions they catalyze this mean that the enzymes can be repeatedly 

used, i.e. enzyme-substrate interactions are non-covalent so the dissociation of the product are 

relatively easy. The typical enzyme-substrate interactions are ionic, H-bonds (hydrogen 

bonds) or hydrophobic interactions. 

                                                           
36 S. J. Charnock and B. V. McCleary. “Enzymes: Industrial and Analytical Applications”. 1-5. 
37 G. E. Briggs and J. B. S. Haldane. “A NOTE ON THE KINETICS OF ENZYME ACTION”. 1-2, 1925. 
38 J. H. Wilkinson. “Enzyme kinetics and its relevance to enzyme assay”. J. clin. Path. 24, 14-21, 1971.  
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Figure 4. Enzyme kinetic. 

 

Figure 5. Schematic drawing of enzyme activity.39 

Considering the complex nature of the enzyme, there are many parameters that affect the rate 

of this catalytic activity. Such parameters are; pH (enzymes are proteins, they are very 

sensitive to changes in pH and each enzyme has its own range for pH where it will be most 

active); temperature (the stability of the protein decreases due to thermal degradation, keeping 

the enzyme at a high enough temperature may cook the enzyme); substrate concentration; and 

interaction with the surrounding . 

 

3.1 Michaelis-Menten Kinetics  

The function of the enzymes is to increase the rate of a reaction and to understand how the 

enzymes work, a model is needed to describe their activity. One of the best models is known 

as the Michaelis-Menten kinetics, developed in 1913 by Leonor Michaelis and Maud 

Menten.40 Michaelis-Menten kinetics is a model using a plot of the reaction rate, or initial 

reaction velocity (V0), as a function of the substrate concentration [S] to determine the 

enzyme kinetic. The initial velocity can be determined using a plot of the amount of product 

formed [P] at different substrate concentrations as a function of time. The product formed 

increases with time until the reaction reaches equilibrium where there are no changes in [S] or 

[P]. The initial reaction velocity for each substrate concentration is then determined from the 

                                                           
39 Wikipedia. The Free Encyclopedia. 

Available:  

http://en.wikipedia.org/wiki/Enzyme#mediaviewer/File:Induced_fit_diagram.svg 
40 L. Michaelis and M. L. Menten. “The Kinetics of Invertase Action”. 1-34, 1913. 

http://en.wikipedia.org/wiki/Enzyme#mediaviewer/File:Induced_fit_diagram.svg
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slope of the curve at the beginning of a reaction, i.e. the slope of the linear part of the curve, 

see figure 6. 

 

Figure 6. A plot of product formed at different substrate concentrations (e.g. S1 S2 S3 and S4) as a function of 

time. The initial velocity (V0) for each substrate concentration is determined from the slope of the curve at the 

beginning of a reaction. 

 

Furthermore, the initial reaction velocities (V0) are plotted as a function of different substrate 

concentrations. The V0 of the catalysis rises linearly as substrate concentration increases and 

then begins to level out and move toward a maximum velocity (Vmax) at higher substrate 

concentrations. The Michaelis constant (Km) is the substrate concentration at which V0 is at 

half maximum and is a measurement of the kinetic (activity), see figure 7. Small Km values 

indicates high kinetic, i.e. high enzymatic activity, which mean that V0 approachs Vmax more 

quickly.41 

The Km value is dependent on both the enzyme and the substrate, as well as conditions such as 

temperature, pH and solvent. 

 

Figure 7. A plot of different initial reaction velocities (V0) as a function of different substrate concentrations.  

 

                                                           
41 J. H. Wilkinson. ”Enzyme kinetics and its relevance to enzyme assay”. J. clin. Path. 24, 14-21, 1971. 
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3.2 Challenges 

The industrial applications of enzymes have some challenges. One of the biggest challenges is 

the stability issues. Other challenges are availability, high cost, etc. Factors that can affect the 

stability of the enzymes are; temperature, pH and the surrounding environment, i.e. solvents. 

Enzymes are mostly proteins which are biopolymer which means that enzymes can be 

compared with polymer in term of stability. The different between enzyme polymers and 

polymers are that enzymes polymer are biopolymer witch mean that they have a very specific 

conformations with a specific active site. Changing in conformation leads to that the enzyme 

loses its specificity, due to active site changing. This leads to that the enzyme’s affinity to a 

specific substrate decreases and can also ceases. 

Polymer chains usually “coils” in specific conformations. These conformations are depending 

on the surroundings solvents, pH and temperature. Different solvents have different effects on 

the polymer conformation. In poor solvents, it is more favorable for system 

thermodynamically to have the polymer interact with themselves instead of polymer-solvent 

interactions. It is more favorable for the system because this will decrease the free energy of 

the system. This means that the polymer “coil” size will decrease and the shape changes, i.e. 

conformation change. In good solvents, it is more favorable for system thermodynamically to 

have the polymers interact with the solvent instead of interaction with themselves. It is more 

favorable for the system because this will decrease the free energy of the system. This means 

that the polymer “coil” size will increase and the shape changes, i.e. also conformation 

change.  

In term of thermodynamics, entropy of a system is temperature dependent, i.e. the entropy 

increases when temperature increases. For polymer, this means that the number of 

microstates, i.e. conformations, increases with temperature. In simpler words, a conformation 

change occurs due to temperature. 

The polymer “coils” can change their size and shape, i.e. conformation, as a response to 

change in the pH of the surrounding environment. The conformation change occur due to the 

functional groups (such as -COOH, -NH2) which can be ionized and obtain a charge in a 

certain pH. This leads to that the polymer chains have similar charged groups which cause 

repulsion between the chains and the polymer “coils” expands. Furthermore, when pH 
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changes and the functional groups lose their charge, the repulsion between the chains ceases 

and the polymer “coils” shrinks. 

 

3.3 State of the Art 

As mentioned before, enzymes have a great value for industrial applications and the main 

challenge is the stability of the enzyme due to working conditions effect such as solvents, pH 

and temperature. Thus, stabilization of enzymes by modification or immobilization is a 

necessity. One method is to make microparticles of enzymes, i.e. protein microparticles, by 

protein cross-linking. This type of immobilization have several advantages such as simplicity, 

high enzymatic activities, high stability, low production cost and lower catalyst productivity. 

The method involves a cross-linking between proteins in a microscale size template, thus 

microparticles. These cross-links are chemical bonds which are covalent bonds. As mentioned 

above, one of the advantages of this type of immobilization is stability increasing. The 

increasing of stability in solvent occurs by decreasing the contact area that is in contact with 

the solvent (smaller particles have much larger area to volume ratio) and also due to the 

cross-linking which prevent conformation changing of the proteins.  

Stability in term of pH is another advantage of the protein microparticles. The stability to pH 

occurs due to the interaction formed between the basic residues of the enzyme and the reagent 

(which cross-links the enzyme) during the cross-linking. These cross-links can prevent 

changes in the electrostatic force between charged residues of the enzymes caused by pH 

changing. 

Furthermore, temperature is another factor that causes stability issues. However, protein 

microparticles have higher temperature resistance than free enzyme. The higher resistance is 

due to the bonds (covalent bonds) formed between the enzymes that decrease the flexibility of 

the enzymes. The decreasing in flexibility leads to decreasing conformational changes and 

hence increasing stability. 
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4. Theory 

The theory behind this project is to compare the enzymatic activity of an enzyme, which is 

Horse Radish Peroxidase (HRP), in buffer and in three different solvents with the enzymatic 

activity of a protein microparticle model that is made of Bovine serum albumin (BSA) and 

Horse Radish Peroxidase (HRP), i.e. BSA-HAR protein microparticles (BSA-HRP MP), in 

the same buffer and the three different solvents. 

To measure the enzymatic activity according Michaelis-Menten kinetics, a substrate are 

needed. A well suited substrate for HRP is 3,3’,5,5’-tetramethylbenzidine (TMB). Figure 8 

shows the HRP and TMB reaction. 

 

Figure 8. The redox reaction of HRP and 3,3’,5,5’-tetramethylbenzidine (TMB). 

TMB is a proton donor and gets oxidized. The oxidation is catalyzed by HRP in presence of 

Hydrogen Peroxide (H2O2) which is a proton acceptor and gets reduced to water (H2O).  

This oxidation of TMB by HRP forms a blue product which is used to measure the enzymatic 

activity, by measuring the absorbance of the blue color using a spectrophotometer, according 

to Michaelis-Menten kinetics for different TMB concentrations. 

Moreover, the HRP can be mixed with buffer (and/or different solvents) and conductive ink 

that together form a bioink that can be test printed. After test printing, the enzymatic activity 

and the conductivity can be tested using, for instance, colorimetric methods and 

electrochemistry methods respectively. 

The above procedures can be done again for the BSA-HRP protein microparticles by mixing 

the BSA-HRP MP with buffer (and/or different solvents) and conductive ink to form the 

printing ink. The results can then be compared with the results from the HRP. 
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5. Materials and Methods 

The materials, procedures used to make and analyze the protein microparticles are described. 

Also, the analysis materials and preparation procedures of the proteins are described. All the 

preparations and analysis conditions that are used in this thesis are completely made by the 

author of this thesis. 

 

5.1 Protein Analysis Materials 

Phosphate-buffered saline (PBS) purchased Medicago (Uppsala, Sweden). Horse Radish 

Peroxidase enzyme (HRP), purchased form Sigma-Aldrich (St Louis, USA), 2.5 mg/mL in 

PBS. Phosphate–citrate buffer 50 mM purchased from Sigma-Aldrich (St Louis, USA), pH 

5.0. 3,3’,5,5’-tetramethylbenzidine substrate (TMB) purchased form Sigma-Aldrich (St Louis, 

USA) 1.0 mg/mL in dimetylsulfoxid (DMSO) purchased from Merck (Darmstadt, Germany). 

Hydrogen peroxide (H2O2) 0.03% purchased from VWR (Fontenay-sous-Bois, France). 

 

5.2 Protein Analysis Preparation and Measurement 

TMB working solution is prepared by mixing TMB solution with phosphate-citrate buffer. 

H2O2 is freshly added prior to use. A series of different TMB solution concentrations are 

prepared. The HRP is then incubated for 1.5 h at room temperature in PBS and thereafter 

diluted 104 times in PBS to a final concentration of 0.25 µg/mL. A same amount of the 

incubated and diluted HRP is added to each of the series to a total volume of 150 µM, see 

table 1. 

Table 1. A series of different TBM solution concentrations used to measure the HRP protein absorptions in 

spectrophotometer. 

Test Phosphate-citrate 

Buffer 0.05M  

pH 5.0  

(µL) 

TMB  

1.0 mg/mL,  

4.16 mM 

(mM) 

H2O2  

0.03% 

(µL) 

HPR  

0.25 µg/mL 

(µL) 

Total 

volume 

(µl) 

0 129 0 20 1 150 

1 128.6 10 20 1 150 

2 128.3 20 20 1 150 

3 127.9 30 20 1 150 

4 127.6 40 20 1 150 

5 126.5 70 20 1 150 

6 125.4 100 20 1 150 

7 121.8 200 20 1 150 

8 114.6 400 20 1 150 
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The measurements are done by first transferring the HRP protein to a multiwall plate, then the 

mixed solution above is added to the microplate simultaneously to avoid delays using a 

multichannel micropipette. The absorption is measured immediately thereafter using a 

multichannel spectrophotometer (FLUOstar Galaxy) with an excitation filter of 355 nm (the 

typically wavelength for the blue product from the TBM-HRP interaction is 370 nm or 655 

nm 42). The absorbance is measured for 10 min to quantify the blue color product generated 

from the reaction between the HRP and TMB solution. 

Almost exact same procedure is done for the HRP protein in the solvents, see Protocol for 

HRP Protein in Solvents in appendix D. 

 

5.3 Materials in Protein Microparticles 

Bovine serum albumin (BSA) 20 mg/mL purchased from Sigma-Aldrich (St Louis, USA). 

Phosphate-buffered saline (PBS). Horse Radish Peroxidase enzyme (HRP) 5 mg/mL in PBS. 

Calcium chloride (CaCl2) 1 M purchased from Merck (Darmstadt, Germany). Sodium 

carbonate ((Na2CO3)2) 0.5 M purchased from Sigma-Aldrich (St Louis, USA). Glutaraldehyde 

(GL), purchased from Sigma-Aldrich (St Louis, USA), 2% diluted in PBS. Hydrochloric acid 

(HCl) pH 5.0-5.5 purchased from VWR (Fontenay-sous-Bois, France).  

 

5.4 Production of Protein Microparticles 

The preparation of the protein microparticles involve cross-linking between the protein 

molecules inside a porous template made of CaCO3 that forms by coprecipitation reaction. 

The coprecipitation reaction begins as a “seed” and grows porously in all directions, thus 

forming a porous spherical template.43 The cross-links are induced by synthetic reagent such 

as Glutathione that causes disulfide interchange reaction (-S-S-)44, EDC-NHS that causes 

                                                           
42 SIGMA-ALDRICH. 

Available: 

http://www.sigmaaldrich.com/catalog/product/sigma/t0440?lang=en&region=SE 
43 A. I. Petrov, D. V. Volodkin, G. B. Sukhorukov. ”Protein-calcium carbonate coprecipitation: a tool for protein 

encapsulation”. Biotechnol Prog. 21(3), 918-925, 2005. 
44 K. K. Lai, R. Renneberga and W. C. Mak. “Bioinspired protein microparticles fabrication by peptide mediated disulfide 

interchange”. RSC Adv. 4, 11802-11810, 2014. 

http://www.sigmaaldrich.com/catalog/product/sigma/t0440?lang=en&region=SE
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amine-carboxyl interchange reaction (-C(=O)NH-)45 or by GL that causes amine-amine 

interchange reaction (-H2N-NH2-).
46 47 48 

The reason of using BSA-HRP as protein in making the microparticles instead of HRP alone 

is due to cost issue and mainly due to that BSA increases the efficiency of cross-linking 

between the proteins.49 

The preparation of protein microparticles are done by mixing 0.25 mL of BSA with 100 µL 

HPR. The mixture solution is poured into 0.25 mL of CaCl2 and then 0.5 mL of Na2CO3 was 

added rapidly and stirred for 1 min at 600 rpm in a beaker using a magnetic stirrer. Thereafter, 

the mixture containing CaCO3 and the entrapped BSA-HRP is collected by centrifugation 

(2000 rpm) for 2 min and washed three times with DI-water (Deionized water). The clean 

BSA-HRP loaded protein microparticles are collected again by centrifugation (2000 rpm) and 

1 mL of GL is added for the cross-linking. The final solution is mixed in a rotator mixer for 

30 min at room temperature. Then the BSA-HRP microparticles are collected by 

centrifugation (2000 rpm) and washed five times with DI-water to remove the excess GL. The 

protein microparticles are then kept in PBS. Finally, the CaCO3 template is removed by HCl 

titration to pH 5.0, the titration is stopped when the solution obtained transiency. The resulting 

pure BSA-HRP protein microparticles are collected by centrifugation (9000 rpm at 4 oC) for 

15 min.50 51 The collected BSA-HRP protein microparticles are then measured using a pipette 

and equal amount of PBS is added to obtain the activity. Figure 9 shows a schematic diagram 

of the fabrication of protein microparticles. 

                                                           
45 J. S. Pieper, T. Hafmans, J. H. Veerkamp, T. H. van Kuppevelt. ”Development of tailor-made collagen-glycosaminoglycan 

matrices: EDC/NHS crosslinking, and ultrastructural aspects”. Biomaterials 21, 581-593, 2000. 
46 I. Migneault, C. Dartiguenave, M. J. Bertrand and K. C. Waldron. “Glutaraldehyde: behavior in aqueous solution, 

reaction with proteins, and application to enzyme crosslinking”. BioTechniques 37, 790-802, 2004. 
47 L. Oner and M. J. Groves, J. Pharm. “Properties of human albumin microparticles prepared by a chilled cross-linking 

technique”. Pharmacol 45, 866-870, 1993. 
48 B. Selin Aytar, U. Bakir. “Preparation of cross-linked tyrosinase aggregates”. Process Biochemistry 43, 125-131, 2008. 
49 S. Shah, A. Sharma and M. N. Gupta. “Preparation of cross-linked enzyme aggregates by using bovine serum albumin as a 

proteic feeder”. Analytical Biochemistry 351, 207-213, 2006. 
50 K. K. Lai, R. Renneberga and W. C. Mak. “Bioinspired protein microparticles fabrication by peptide mediated disulfide 

interchange”. RSC Adv. 4, 11802-11810, 2014. 
51 W. C. Mak, R. Georgieva, R. Renneberg and H. Bäumler. “Protein Particles Formed by Protein Activation and 

Spontaneous Self-Assembly”. Adv. Funct. Mater. 20, 4139-4144, 2010. 
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Figure 9. Schematic diagram show the fabrication process of the protein microparticles and an outline of the 

amine-amine interchange chemistry to induce cross-links between the protein molecules to form the 

microparticles. 

 

5.5 Protein Microparticles Analysis Preparations and Measurements 

TMB working solution is prepared by mixing TMB solution with phosphate–citrate buffer. 

H2O2 is freshly added before using. A series of different TMB solution concentrations are 

prepared. The BSA-HRP protein microparticles (BSA-HRP MP) are then incubated for 1.5 h 

at room temperature in PBS. A same amount of the incubated BSA-HRP MP are added to 

each of the series to a total volume of 150 µM, see table 2. 

Table 2. A series of different TBM solution concentrations used to measure the BSA-HRP protein microparticles 

absorptions in spectrophotometer. 

Test Phosphate-citrate 

Buffer 0.05M  

pH 5.0  

(µL) 

TMB 

1.0 mg/mL,  

4.16 mM 

(mM) 

H2O2  

0.03% 

(µL) 

BSA-HRP 

Protein 

Microparticles 

(µL) 

Total 

volume 

(µl) 

0 139.5 0 10 0.5 150 

1 139.1 10 10 0.5 150 

2 138.8 20 10 0.5 150 

3 138.4 30 10 0.5 150 

4 138 40 10 0.5 150 

5 137 70 10 0.5 150 

6 135.9 100 10 0.5 150 

7 132.3 200 10 0.5 150 

8 125.1 400 10 0.5 150 

The measurements are done by first transferring the BSA-HRP protein microparticles 

(BSA- HRP MP) to a multiwall palate, then the mixed solution above is added to the 
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multichannel palate simultaneously to avoid delays using a multichannel micropipette. The 

absorption is measured immediately thereafter using a multichannel spectrophotometer 

(FLUOstar Galaxy) with an excitation filter of 355 nm (the typically wavelength for the blue 

product from the TBM-HRP interaction is 370 nm or 655 nm 52). The absorbance is measured 

for 10 min to quantify the blue color product generated from the reaction between the 

BSA-HRP MP and TMB solution. 

Almost exact same procedures are done for the BSA-HRP protein microparticles in the 

solvents, see Protocol for BSA-HRP Protein Microparticles in solvents in appendix E. 

 

5.6 Solvents 

Three different solvents are used in this thesis to investigate the enzymatic activity of the HRP 

and the BSA-HRP microparticles. 

 

5.6.1 2-Propanol 

2-Propanol, also called isopropyl alcohol, is an organic chemical compound with 

the molecular formula (CH3)2CHOH, where the hydroxyl group sitting on the middle carbon 

in the molecule, see figure 10. It is a colorless, flammable liquid with a strong odor. It is water 

miscible due to its hydroxyl group and also partially soluble in hydrocarbons, which makes it 

very useful to mix water with non-water soluble substances. Due to the nontoxicity of 

2-Propanol, it is usually used instead of Ethanol as solvent in many types of products. 

2-Propanol can be used as raw material for synthesis and can for instance be used in 

production of Acetone, Hydrogen Peroxide, cosmetics and fuels. It also can be used as solvent 

in many types of products, for instance in extraction of natural products such as grease, oil, 

gums and waxes, printing inks, cosmetic preparations, in perfumes and in various "pharmacy 

                                                           
52 SIGMA-ALDRICH. 

Available: 

http://www.sigmaaldrich.com/catalog/product/sigma/t0440?lang=en&region=SE 

http://en.wikipedia.org/wiki/Chemical_compound
http://en.wikipedia.org/wiki/Molecular_formula
http://en.wikipedia.org/wiki/Transparency_and_translucency
http://en.wikipedia.org/wiki/Flammable
http://en.wikipedia.org/wiki/Odor
http://www.sigmaaldrich.com/catalog/product/sigma/t0440?lang=en&region=SE
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waters" where it has a cooling effect. 2-Propanol is twice as effective disinfectant as Ethanol. 

It is also approved for use as solvents for food additives.53 54 

Due to the applications above and the mildness of 2-Propanol, it is chosen as one of the 

solvents in this project. It is interesting and relative to investigate how the enzymatic activity 

of the HRP protein and the BSA-HRP protein microparticles are affected by this solvent.   

 

Figure 10. Molecular structure of 2-Propanol. 

5.6.2 Acetonitrile 

Acetonitrile is an organic chemical compound with the molecular formula CH3CN, see figure 

11. It is a colorless, flammable liquid and toxic in small amounts. It is Water miscible and has 

a medium polarity as solvent that is also miscible with other organic solvents. 

Acetonitrile has been widely used as an organic solvent in many processes such as 

development and manufacturing of cosmetics, pharmaceutical, agricultural products and many 

other due to that Acetonitrile can be used as a catalyst in chemical reactions, for instance it 

can act as reagent in the synthesis of amines, amides, ketones, aldehydes, etc. However, 

Acetonitrile is a toxic compound that cause health effects and can lead to death. However, the 

potential for Acetonitrile toxicity depends on the amount. Even thought, Acetonitrile are still 

broadly used in non-health related industries.55 

Due to the applications above and as an intermediate solvent, Acetonitrile is chosen as the 

second solvent in this project. It is interesting and relative to investigate how the enzymatic 

                                                           
53 KEMI. Kemikalieinspektionen. 

Available: 

http://apps.kemi.se/flodessok/floden/kemamne/propanol.htm 
54 J-T. Wu, S. L-C. Hsu, M-H. Tsai and W-S. Hwang. “Inkjet Printing of Low-Temperature Cured Silver Patterns by Using 

AgNO3/1-Dimethylamino-2-propanol Inks on Polymer Substrates”. |J. Phys. Chem. 115, 10940-10945, 2011. 
55 J. C. Gasparetto, T. G. de Francisco, F. R. Campos and R. Pontarolo. “Overview of Acetonitrile: Physicochemical 

Properties, Applications and Clinical Aspects”. 2012 

Available: 

https://www.novapublishers.com/catalog/product_info.php?products_id=35040  

http://apps.kemi.se/flodessok/floden/kemamne/propanol.htm
https://www.novapublishers.com/catalog/product_info.php?products_id=35040


27 

 

activity of the HRP protein and the BSA-HRP protein microparticles are affected by this 

solvent, where Acetonitrile is a better solvent than 2-Propanol, i.e. “harsher” as solvent for the 

protein and the protein microparticles. 

 

Figure 11. Molecular structure of Acetonitrile. 

 

5.6.3 Ethylene Glycol 

Ethylene Glycol is an organic chemical compound with the molecular formula C2H6O2, see 

figure 12. It is a colorless, viscous liquid and moderately toxic (depending on the amount). It 

is water miscible and soluble in most organic solvents. 

Ethylene Glycol is used mostly as an industrial compound, for instance, it is used in 

manufacturing polyester fibers and fabric industry; automotive antifreeze and hydraulic brake 

fluids; as an ink in stamp, pens, paints and plastics; as a solvent; in film and cosmetics. It can 

also be used in as a pharmaceutical vehicle (as a carrier medium).56 

Due to the applications above, Ethylene Glycol is chosen as the third solvent in this project. It 

is interesting and relative to investigate how the enzymatic activity of the HRP protein and the 

BSA-HRP microparticles are affected by this solvent. However, the results show a significant 

differences from the other solvents, for more information see section 6.2.4 (Enzymatic 

Activity of the HRP Protein in Ethylene Glycol). 

                                                           
56 CDC. Centers for Disease Control and Prevention. The National Institute for Occupational Safety and Health (NIOSH). 

2014 

Available: 

http://www.cdc.gov/niosh/ershdb/emergencyresponsecard_29750031.html  

http://www.cdc.gov/niosh/ershdb/emergencyresponsecard_29750031.html
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Figure 12. Molecular structure of Ethylene Glycol. 

 

5.7 Printing Materials and Methods 

The printing materials and methods; and testing methods of the HRP and the BSA-HAP are 

described below. 

 

5.7.1 Protein Printing Materials 

PBS. HRP (5 mg/mL in PBS). TMB Ready-to-use purchased from Sigma-Aldrich (St Louis, 

USA). Electrodag PF-407A (printing ink) purchased from Acheson (Netherlands). 

2-Propanol. Acetonitrile. Ethylene Glycol. 

 

5.7.2 Protein Printing and Testing Methods 

The printing of the HRP protein involves diluting the HRP with PBS, or with one of the 

solvents, to a final solution of 2.5 µg/mL. Thereafter, the Electrodag PF-407A (the printing 

ink) is stirred well and brought to room temperature prior to use. Electrodag PF-407A is then 

thinned by diluting 5 % by weight with the HRP solution (2.5 µg/mL), i.e. 95 % ink and 5 % 

HRP solution. The resulting solution is a bioink which is ready to use. The ink solution is then 

drop-casted on a PET sheet (used for production of bio electrodes) and dehydrated over night 

at room temperature. Furthermore, the enzymatic activity of the HRP can be tested by using 

the ready-to-use TBM solution. After drying the ink solution overnight, i.e. the protein-ink 

sample, 30 mL of the TMB solution is drop-casted on the sample for 3 min. Then, the TBM 

solution was collected and one could obtain a blue color if there are any enzymatic reactions. 

In this case a blue color is obtained. 
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5.7.3 Protein Microparticles Printing Materials 

PBS. BSA-HRP MP diluted 1:1 in PBS. TMB Ready-to-use. Electrodag PF-407A (printing 

ink). 2-Propanol. Acetonitrile. Ethylene Glycol. 

 

5.7.4 Protein Microparticles Printing and Testing Methods 

The printing of the BSA-HRP MP involves diluting the microparticles 1:1 with PBS, or with 

one of the solvents. Thereafter, the Electrodag PF-407A (the printing ink) is stirred well and 

brought to room temperature prior to use. Electrodag PF-407A is then thinned by diluting 5 % 

by weight with the 1:1 BSA-HRP MP solution, i.e. 95 % ink and 5 % 1:1 BSA-HRP MP 

solution. The resulting solution is a bioink which is ready to use. The ink solution is then 

drop-casted on a PET sheet and dehydrated over night at room temperature.  

Furthermore, the enzymatic activity of the BSA-HRP MP can be tested using the ready-to-use 

TBM solution. After drying the ink solution overnight, i.e. the MP ink sample, 30 mL of the 

TMB solution is drop-casted on the sample for 3 min. Then, the TBM solution is collected 

and one could obtain a blue color if there are any enzymatic reactions. No blue color is 

obtained in this case, for more information see section 6.6 (Printing of HRP Protein and 

BSA-HRP Protein Microparticles). 
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6. Results and Discussions 

The characterization of the BSA-HRP MP in PBS and in solvents are presented below. Also, 

all the analysis and printing results of the HRP protein and the BSA-HRP protein 

microparticles (BSA-HRP MP) are presented below.  

 

6.1 Characterization of BSA-HRP Protein Microparticles 

Figure 13 shows the BSA-HRP protein microparticles (BSA-HRP MP) in PBS and in solvents 

under optical microscope (Zeiss Axiovert 200M) with 40x magnifications. (For more 

information about the sample preparations see Protocol for Optical Microscope Sample 

Preparations in appendix B). 

 

Figure 13. Optical microscope images with 40x magnifications of BSA-HRA microparticles in: A) PBS.  

B) 2-Propanol. C) Acetonitrile. D) Ethylene Glycol. 

Higher magnification images with higher resolution are taken using SEM (LEO 1550 

Gemini). However, SEM required some sample preparations, for more information about the 

SEM sample preparations see Protocol for SEM Sample Preparations in appendix C. Figure 

14, 15, 16 and 17 show the BSA-HRP MP in PBS buffer and after 1.5 h incubation in solvents 

using SEM with different magnifications. 
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Figure 14. SEM images of BSA-HRP MP in PBS with 1000x and 60000x magnification. 

 

Figure 15. SEM images of BSA-HRP MP after 1.5 h incubation in 2-Propanol with 1000x and 60000x 

magnification.  
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Figure 16. SEM images of BSA-HRP MP after 1.5 h incubation in Acetonitrile with 1000x and 60000x 

magnification. 

 

Figure 17. SEM images of BSA-HRP MP after 1.5 h incubation in Ethylene Glycol with 1000x and 60000x 

magnification. 

The images above (figure 14, 15, 16 and 17) show that the BSA-HRP MP are highly 

homogenous and did not undergo some changing in size, geometry and structure during and 

after incubation in the solvents. Using CaCO3 as a template method allows fabrication of 

protein microparticles with well-defined sizes and internal structures. The size of the 
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microparticles is about 2.4 ± 0.2 µm regardless of the incubation solvents. The reason for that 

is the intermolecular interaction between the protein molecules that induce the cross-links 

between the protein molecules that form the microparticles. These are strong interaction that 

prevent the microparticles from dissolving in the solvents, i.e. the microparticles structure and 

geometry are unaffected by the solvents. In addition, these intermolecular interaction did not 

affect the enzymatic activity of the HRP in the microparticles. More details on this subject are 

describes below in section 6.5 (Comparing the Enzymatic Activity of HRP Protein and 

BSA-HRP Protein Microparticles in PBS and in Solvents). 

Looking closer at the microparticles surfaces, figure 18, one can see that the protein 

microparticles are composed of assembled granular structure with size of tens of nanometers. 

These are the BSA-HRP that had assembled. The reason for these assembled granular is that 

the CaCO3 template has a porous structure. When the protein microparticle are formed, the 

protein molecules are entrapped within the pores of the CaCO3 template and intermolecularly 

cross-linked. This lead to that the protein microparticles obtain the porous shape of the CaCO3 

template even though when the CaCO3 template is removed. 

 

Figure 18. SEM images of BSA-HRP MP in PBS with 60000x and 250000x magnification, show the assembled 

BSA-HRP granular structure. 
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6.2 Enzymatic Activity of the HRP Protein in Buffer and Solvents 

After measuring the absorptions of the different TMB concentrations for 10 min, the enzyme 

kinetic of the HRP protein is plotted using Michaelis-Menten kinetics (see section 3.1 above) 

and the Michaelis constant (Km) was obtained. The enzyme kinetic was measured for HRP 

after 1.5 h of incubation in PBS, 2-Propanol, Acetonitrile and in Ethylene Glycol. 

 

6.2.1 Enzymatic Activity of the HRP Protein in PBS 

The enzyme kinetic of the HRP protein in PBS is measured and plotted after 1.5 h incubation 

and 104 times dilution in PBS to a final concentration of 0.25 µg/mL. The Michaelis constant 

(Km) was then obtained using the plotted data. The measurements are done three time under 

the same conditions to ensure a more correct result. Using table 1 as a measurement condition, 

figure 19, 20 and 21 show the three measurements of the enzyme kinetic of the HRP protein 

in PBS. 

 

Figure 19. Enzyme Kinetic of HRP protein in PBS (final conc. 0.25 µg/mL in PBS). Test 1. 
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Figure 20. Enzyme Kinetic of HRP protein in PBS (final conc. 0.25 µg/mL in PBS). Test 2. 

 
Figure 21. Enzyme Kinetic of HRP protein in PBS (final conc. 0.25 µg/mL in PBS). Test 3. 

For each of the measurements (including HRP in solvents and BSA-HRP protein 

microparticles in PBS and in solvents below) a normalization line (a fitting exponential line) 

is drawn. By using the normalization line one can obtain a more correct value of Km. This is 

because the normalization line takes into account all the points that are not measured in the 

interval 0-400 µM. Without the normalization line, the Km value is influenced by smaller 

0

0,0002

0,0004

0,0006

0,0008

0,001

0,0012

0,0014

0 50 100 150 200 250 300 350 400

In
it

ia
l 

R
ea

ct
io

n
 V

el
o

ci
ty

 (
µ

M
/s

)

TMB concentrations (µM)

Enzyme Kinetic of HRP 2 in PBS (0.25 µg/mL)

Normalization of HRP 2 in PBS Vmax Vmax/2 HRP 2 in PBS

Km=37 µM

0

0,0002

0,0004

0,0006

0,0008

0,001

0,0012

0,0014

0 50 100 150 200 250 300 350 400 450

In
it

ia
l 

R
ea

ct
io

n
 V

el
o

ci
ty

 (
µ

M
/s

)

TMB concentrations (µM)

Enzyme Kinetic of HRP 3 in PBS

Normalization of HRP 3 in PBS Vmax Vmax/2 HRP 4 in PBS

K
m
=43 µM 



36 

 

interval (for instance, 30-70 µM such in figure 20) which lead to that it becomes independent 

of the other measured points. Thus less correct Km value.  

The three plots above show a Michaelis constant (Km) of 39 µM, 37 µM and 43 µM which 

gives a mean value of Km≈40 µM. This Km value are comparable with some other reported 

Km values (Km= 44 µM, Km= 30 µM and Km= 62 µM).57 58 59 The differences in values are 

mainly due to different preparations and analysis conditions.  

The activity of an enzyme is highly associated to their structural conformation which forms a 

catalytic active site that convert a very specific substrate to a product. A change in the 

structural conformation caused by, for instance, solvent, pH or temperature affects the enzyme 

catalytic functions, which influences the rate of substrate-product conversion reaction. 

However, in the case of the HRP in PBS, the enzyme is not in a hostile environment, i.e. no 

changing in the structural conformation of the enzyme and the rate of substrate-product 

conversion reaction is not affected. Therefore, a Km value of 40 µM is chosen to be the 

comparing value where the enzymatic activity of HRP in solvents can be compared with.   

 

 

  

                                                           
57 K. K. Lai, R. Renneberga and W. C. Mak. "Bioinspired protein microparticles fabrication by peptide mediated disulfide 

interchange". RSC Adv. 4, 11802–11810, 2014. 
58 Q. Ashton. "Peroxidases-Advaces in Research and Application". 2013. Page 271. 
59 K. Cai, Z. Lv, K. Chen, L. Huang, J. Wang, F. Shao, Y. Wang and H. Han. "Aqueous synthesis of porous platinum 

nanotubes at room temperature and their intrinsic peroxidase-like activity". Chem. Commun. 49, 6024-6026, 2013. 
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6.2.2 Enzymatic Activity of the HRP Protein in 2-Propanol 

The HRP protein in PBS is incubated in 2-Propanal with a concentration of 2.5 mg/mL for 1.5 

h at room temperature. Then, it was diluted with PBS to a final concentration of 0.25 µg/mL 

prior to use. The enzyme kinetic is then measured and plotted. The Michaelis constant (Km) is 

then obtained using the plotted data. The measurements are done three time under the same 

conditions to ensure a more correct result. Using table 1 as a measurement condition and 

appendix D, figure 22, 23 and 24 show the enzyme kinetic of the HRP protein immediately 

after incubation in 2-Propanol. 

 

Figure 22. Enzyme Kinetic of HRP protein measured immediately after incubation in 2-Propanol (final conc. 

0.25 µg/mL in PBS). Test 1. 
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Figure 23. Enzyme Kinetic of HRP protein measured immediately after incubation in 2-Propanol (final conc. 

0.25 µg/mL in PBS). Test 2. 

 

Figure 24. Enzyme Kinetic of HRP protein measured immediately after incubation in 2-Propanol (final conc. 

0.25 µg/mL in PBS). Test 3. 
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enzyme kinetic, i.e. the HRP has lost some of its activity during the incubation.  

0

0,0002

0,0004

0,0006

0,0008

0,001

0,0012

0,0014

0 50 100 150 200 250 300 350 400

In
it

ia
l 

R
ea

ct
io

n
 V

el
o

ci
ty

 (
µ

M
/s

)

TMB concentrations (µM)

Enzyme Kinetic of HRP 2 in 2-Propanol (0.25 µg/mL)

Normalization of HRP 2 in 2-Propanol Vmax Vmax/2 HRP 2 in 2-Propanol

0

0,0002

0,0004

0,0006

0,0008

0,001

0,0012

0,0014

0,0016

0,0018

0,002

0 50 100 150 200 250 300 350 400

In
it

ia
l 

R
ea

ct
io

n
 V

el
o

ci
ty

 (
µ

M
/s

)

TMB concentrations (µM)

Enzyme Kinetic of HRP 3 in 2-Propanol (0.25 µg/mL)

Normalization of HRP 3 in 2-Propanol Vmax Vmax/2 HRP 3 in 2-Propanol

Km=48 µM 

Km=48 µM 



39 

 

An explanation for that could be that 2-Propanol interact with HRP mildly by interacting with 

the active site of the HRP and changes the protonation. This can cause a changing in the 

structural conformation of the enzymes which in turn leads to a change in the catalytic active 

site of the HRP that is very specific to a substrate (TMB). Here, the changing occur in a way 

that the HRP active site has lost some of its ability to bind to the substrate, i.e. the enzyme 

catalytic functions have decreased, which caused the rate of substrate-product conversion 

reaction to be lower. 

 

6.2.3 Enzymatic Activity of the HRP Protein in Acetonitrile 

The HRP protein in PBS is incubated in Acetonitrile with a concentration of 2.5 mg/mL for 

1.5 h at room temperature. Then, it is diluted with PBS to a final concentration of 0.25 µg/mL 

before use. The enzyme kinetic is then measured and plotted. The Michaelis constant (Km) is 

obtained using the plotted data. The measurements are done three time under the same 

conditions to ensure a more correct result. Using table 1 as a measurement condition and 

appendix D, figure 25, 26 and 27 show the enzyme kinetic of the HRP protein immediately 

after incubation in Acetonitrile. 

 

Figure 25. Enzyme Kinetic of HRP protein measured immediately after incubation in Acetonitrile (final conc. 

0.25 µg/mL in PBS). Test 1. 

0

0,0002

0,0004

0,0006

0,0008

0,001

0,0012

0,0014

0,0016

0 50 100 150 200 250 300 350 400

In
it

ia
l 

R
ea

ct
io

n
 V

el
o

ci
ty

 (
µ

M
/s

)

TMB concentrations (µM)

Enzyme Kinetic of HRP 1 in Acetonitrile (0.25 µg/mL)

Normalization of HRP 1 in Acetonitrile Vmax Vmax/2 HRP 1 in Acetonitrile

Km=58 µM



40 

 

 

Figure 26. Enzyme Kinetic of HRP protein measured immediately after incubation in Acetonitrile (final conc. 

0.25 µg/mL in PBS). Test 2. 

 

Figure 27. Enzyme Kinetic of HRP protein measured immediately after incubation in Acetonitrile (final conc. 

0.25 µg/mL in PBS). Test 3. 
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before, Acetonitrile is an intermediate solvent which means that it could interact with the 

active site of the HRP and changes the protonation HRP better than the mild 2-Propanol. This 

causes more changing in structural conformation of the HRP which in turn leads to more 

changing in the catalytic active site of the HRP. Here, the changing occur in a way that the 

HRP active site has lost more of its ability to bind to the substrate, i.e. the enzyme catalytic 

functions have decreased further, which caused the rate of substrate-product conversion 

reaction to be lower than in 2-Propanol. Another explanation could be that the solubility of 

the TMB substrate in the solvent is bad which could lead to hydrophobic effect that prevents 

the TMB to interact with HRP, i.e. less interactions between the substrate and the enzyme, 

which causes the rate of substrate-product conversion reaction to be lower. 

Enzymes in aqueous solution is surrounded by water molecules which form a hydration shell 

formed by Hydrogen bonds with the enzyme surface. A certain level of water is required to 

maintain the enzymes conformational structures and to provide full functionality.60 

Interactions between the enzyme molecules and the surrounding water molecules are of 

essential significance for enzymatic catalysis.61 Catalytic activity and stability of enzymes are 

strongly influenced by the hydration levels, i.e. enzyme conformation can change depending 

on the hydrogen bonding formed by water molecules inside and outside the enzyme. 62 

Therefore, a third explanation could be is that these water molecules could be totally or partly 

displaced (depending on the solvent) by the solvents which causes a change in the protein 

structure, i.e. denaturation. The denaturation level is related to the amount of water that has 

been displaced. In the case of 2-Propanol, small part of the water molecules have been 

displaced, thus enzymatic activity decreasing. In the case of Acetonitrile, bigger part of the 

water molecules have been displaced, thus more decreasing in the enzymatic activity. This 

speculation is also supported by other experiments and results.63 64 

 

 

                                                           
60 A. Zaks and A. M. Klibanov. “The Effect of Water on Enzyme Action in Organic Media”. The Journal of Biological 

Chemistry Vol 263, No. 17, 8017-8021, 1988. 
61 A. M. Klibanov. “Why are enzymes less active in organic solvents than in water?”. Tibtech Vol. 15, 97-101, 1997. 
62 K. Rezaei, E. Jenab and F. Temelli. “Effects of Water on Enzyme Performance with an Emphasis on the Reactions in 

Supercritical Fluids”. Critical Reviews in Biotechnology 27, 183-195, 2007. 
63 Y. L. Khmelnitsky, V. V. Mozhaev, A. B. Belova, M. V. Sergeeva and K. Martinek. ” Denaturation capacity: a new 

quantitative criterion for selection of organic solvents as reaction media in biocatalysis”. Eur. J. Biochem. 198, 31-41, 1991. 
64 A. Zaks and A. M. Klibanov. “The Effect of Water on Enzyme Action in Organic Media”. The Journal of Biological 

Chemistry Vol 263, No. 17, 8017-8021, 1988. 
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6.2.4 Enzymatic Activity of the HRP Protein in Ethylene Glycol 

The HRP protein in PBS is incubated in Ethylene Glycol with a concentration of 2.5 mg/mL 

for 1.5 h at room temperature. Then, it is diluted with PBS to a final concentration of 0.25 

µg/mL before use. Enzyme kinetic is then measured and plotted. The Michaelis constant (Km) 

is obtained using the plotted data. The measurements are done three time under the same 

conditions to ensure a more correct result. Using table 1 as a measurement condition and 

appendix D figure 28, 29 and 30 show the enzyme kinetic of the HRP protein immediately 

after incubation in Ethylene Glycol. 

 

Figure 28. Enzyme Kinetic of HRP protein measured immediately after incubation in Ethylene Glycol (final 

conc. 0.25 µg/mL in PBS). Test 1. 
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Figure 29. Enzyme Kinetic of HRP protein measured immediately after incubation in Ethylene Glycol (final 

conc. 0.25 µg/mL in PBS). Test 2. 

 

Figure 30. Enzyme Kinetic of HRP protein measured immediately after incubation in Ethylene Glycol (final 

conc. 0.25 µg/mL in PBS). Test 3. 
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more of its activity during the incubation. This mean that Ethylene Glycol can interact with 

HRP in such a way that it improved the active site, i.e. the active site has better ability to bind 

the substrate and faster. The enzyme catalytic functions have increased, which caused the rate 

of substrate-product conversion reaction to be faster. 

There is no clear explanation why the enzymatic activity increased in Ethylene Glycol and to 

understand the main reason further and deeper studies are required, especially in the 

chemistry behind the interaction between the solvent and the protein and how the active site 

behaves in such solvent, which is beyond the scope of this thesis. However, one theory could 

be that Ethylene Glycol improves the active site of the enzyme by slightly changing its 

conformation in a way that makes the interactions between the substrate and the active site 

easer. Another speculation is that the substrate (TMB) has much better solubility in this 

solvent which allow better and faster substrate-enzyme interaction which in turn increases the 

enzymatic activity.  

As mentioned before, catalytic activity and stability of enzymes are strongly influenced by the 

hydrogen bonds formed between the enzymes and the surroundings water molecules. The 

enzymatic activity can be increased be optimizing the level of water surrounding the 

enzyme58, i.e. optimizing the hydrogen bonding between the enzyme and the surrounding 

water molecules. Therefore, a third speculation could be that Ethylene Glycol creates more 

comfortable environment for the enzymes by replacing the water and forms optimum 

hydrogen bonding with the enzymes which leads to enzymatic activity increasing.65 

 

6.3 Enzymatic Activity of the BSA-HRP Protein Microparticles in Buffer 

and Solvents 

For the BSA-HRP protein microparticles (BSA-HRP MP), the same procedures have been 

done. After measuring the absorptions for the different TMB concentrations for 10 min, the 

enzyme kinetic of the BSA-HRP MP is plotted using Michaelis-Menten kinetics (see section 

3.1 above) and the Michaelis constant (Km) is obtained. The enzymatic activity is measured 

for BSA-HRP MP in PBS, 2-Propanol, Acetonitrile and in Ethylene Glycol. 

                                                           
65 A. M. Klibanov. “Why are enzymes less active in organic solvents than in water?”. Tibtech Vol. 15, 97-101, 1997. 
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6.3.1 Enzymatic Activity of the BSA-HRP Protein Microparticles in PBS 

The enzyme kinetic of the BSA-HRP protein microparticles (BSA-HRP MP) in PBS is 

measured and plotted after 1.5 h incubation. The Michaelis constant (Km) is then obtained 

using the plotted data. The measurements were done three time under the same conditions to 

ensure a more correct result. Using table 2 as a measurement condition and appendix E, figure 

31, 32 and 33 show the three measurements of the enzyme kinetic of the BSA-HRP MP in 

PBS. 

 

Figure 31. Enzyme Kinetic of BSA-HRP protein microparticles (BSA-HRA MP) in PBS. Test 1. 
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Figure 32. Enzyme Kinetic of BSA-HRP protein microparticles (BSA-HRA MP) in PBS. Test 2. 

 

Figure 33. Enzyme Kinetic of BSA-HRP protein microparticles (BSA-HRA MP) in PBS. Test 3. 
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of the HRP which forms the catalytic active site. Thus, no changing in the active site which 

mean that the enzyme catalytic functions are maintained. 

In the case of the BSA-HRP MP in PBS, the enzyme is also in a not hostile environment, i.e. 

no changing in the structural conformation of the enzyme and the rate of substrate-product 

conversion reaction is not affected. Therefore, a Km value of 40 µM is chosen to be the 

comparing value where the enzymatic activity of BSA-HRP MP in solvents can be compared 

with. 

 

6.3.2 Enzymatic Activity of the BSA-HRP Protein Microparticles in 2-Propanol 

The BSA-HRP protein microparticles (BSA-HRP MP) in PBS is incubated in 2-Propanol for 

1.5 h at room temperature according to Protocol for BSA-HRP Protein Microparticles in 

Solvents, appendix E. The enzyme kinetic is then measured and plotted. The Michaelis 

constant (Km) is obtained using the plotted data. The measurements are done three time under 

the same conditions to ensure a more correct result. Using table 2 as a measurement condition 

and appendix E, figure 34, 35 and 36 show the enzyme kinetic of the BSA-HRP MP protein 

immediately after incubation in 2-Propanol. 

 

Figure 34. Enzyme Kinetic of BSA-HRP protein microparticles (BSA-HRA MP) measured immediately after 

incubation in 2-Propanol. Test 1. 
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Figure 35. Enzyme Kinetic of BSA-HRP protein microparticles (BSA-HRA MP) measured immediately after 

incubation in 2-Propanol. Test 2. 

 

Figure 36. Enzyme Kinetic of BSA-HRP protein microparticles (BSA-HRA MP) measured immediately after 

incubation in 2-Propanol. Test 3. 

The three plots above show a Michaelis constant (Km) of 42 µM, 37 µM and 51 µM which 
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contact area with 2-Propanol and also the cross-links between the proteins prevent 

conformation changes. 

6.3.3 Enzymatic Activity of the BSA-HRP Protein Microparticles in Acetonitrile 

The BSA-HRP protein microparticles (BSA-HRP MP) in PBS is incubated in Acetonitrile for 

1.5 h at room temperature according to Protocol for BSA-HRP Protein Microparticles in 

Solvents, appendix E. The enzyme kinetic is then measured and plotted. The Michaelis 

constant (Km) is obtained using the plotted data. The measurements are done three time under 

the same conditions to ensure a more correct result. Using table 2 as a measurement condition 

and appendix E, figure 37, 38 and 39 show the enzyme kinetic of the BSA-HRP MP protein 

immediately after incubation in Acetonitrile. 

 

Figure 37. Enzyme Kinetic of BSA-HRP protein microparticles (BSA-HRA MP) measured immediately after 

incubation in Acetonitrile. Test 1. 
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Figure 38. Enzyme Kinetic of BSA-HRP protein microparticles (BSA-HRA MP) measured immediately after 

incubation in Acetonitrile. Test 2. 

 

Figure 39. Enzyme Kinetic of BSA-HRP protein microparticles (BSA-HRA MP) measured immediately after 

incubation in Acetonitrile. Test 3. 

The three plots above show a Michaelis constant (Km) of 46 µM, 52 µM and 58 µM which 
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incubation. A speculation could be that Acetonitrile is a small molecule compared with 

2-Propanol and Ethylene Glycol (see figure 10, 11 and 12) that can go into the microparticle 

and interact with the active site of the enzymes changing their protonation. Table 3 shows that 

Acetonitrile has lower relative polarity than the other solvents, i.e. less polar. This mean that 

Acetonitrile can interact stronger with the hydrophobic active site of the enzyme and changes 

the protonation which leads to conformation changes, thus lost in the enzymatic activity. 

Table 3. The relative solvent polarity.66 

Solvent Relative Polarity 

Water 1.000 

2-Propanol 0.546 

Acetonitrile 0,460 

Ethylene Glycol 0,790 

Another possible explanation could be that the solubility of the TMB substrate in the solvent 

is bad which might lead to hydrophobic effect that prevent the TMB to interact with MP, i.e. 

less interactions between the substrate and the enzyme, which causes the rate of 

substrate-product conversion reaction to be lower. 

 

6.3.4 Enzymatic Activity of the BSA-HRP Protein Microparticles in Ethylene Glycol 

The BSA-HRP protein microparticles (BSA-HRP MP) in PBS is incubated in Ethylene 

Glycol for 1.5 h at room temperature according to Protocol for BSA-HRP Protein 

Microparticles in Solvents, appendix E. enzyme kinetic is then measured and plotted. The 

Michaelis constant (Km) is obtained using the plotted data. The measurements are done three 

time under the same conditions to ensure a more correct result. Using table 2 as a 

measurement condition and appendix E, figure 40, 41 and 42 show the enzyme kinetic of the 

BSA-HRP MP protein immediately after incubation in Ethylene Glycol. 

                                                           
66 C. Reichardt. “Solvents and Solvent Effects in Organic Chemistry”. 3rd edition, 2004. Page 418-424. 
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Figure 40. Enzyme Kinetic of BSA-HRP protein microparticles (BSA-HRA MP) measured immediately after 

incubation in Ethylene Glycol. Test 1. 

 

Figure 41. Enzyme Kinetic of BSA-HRP protein microparticles (BSA-HRA MP) measured immediately after 

incubation in Ethylene Glycol. Test 2. 
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Figure 42. Enzyme Kinetic of BSA-HRP protein microparticles (BSA-HRA MP) measured immediately after 

incubation in Ethylene Glycol. Test 3. 
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1/[substrate]. The Lineweaver-Burk plot is a straight line where the interception with y-axis is 

1/(Vmax), interception with x-axis is -1/Km and the slope of the line is Km/Vmax.
67 Figure 43 

shows the Lineweaver-Burk Plot. 

 

Figure 43. The Lineweaver-Burk plot.68 

Appling Lineweaver-Burk plot to three random chosen measured data, one can obtain the Km 

values of the three random chosen samples, see figure 44, 45 and 46. 

 

Figure 44. Lineweaver-Burk Plot of HRP protein measured immediately after incubation in 2-Propanol (final 

conc. 0.25 µg/mL in PBS). Test 1. 

                                                           
67 H. Lineweaver and D. Burk. “The Determination of Enzyme Dissociation Constants”. J. Am. Chem. Soc. 56 (3), 658-666, 

1934. 
68 Wikipedia. The Free Encyclopedia. 

Available:  

http://en.wikipedia.org/wiki/Lineweaver%E2%80%93Burk_plot#/media/File:Lineweaver-Burke_plot.svg 
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Using the equation obtained in figure 44, one can obtain a Km value of 57 µM, which is 

slightly higher than the Km value obtained from the previous method (50 µM, see figure 22). 

 

Figure 45. Lineweaver-Burk Plot of HRP protein measured immediately after incubation in Ethylene Glycol 

(final conc. 0.25 µg/mL in PBS). Test 3. 

The equation in figure 45 gives a Km value of 17 µM, which is slightly lower than the Km 

value obtained from the previous method (26 µM, see figure 30). 

 

Figure 46. Lineweaver-Burk Plot of BSA-HRP protein microparticles (BSA-HRA MP) measured immediately 

after incubation in Acetonitrile. Test 2. 
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The equation in figure 46 gives a Km value of 56 µM, which is also slightly higher than the 

Km value obtained from the previous method (52 µM, see figure 38). 

Comparing the results obtained from the previous method and from Lineweaver-Burk plot, 

one can see that the results are comparable. However, the small differences can depend of the 

normalization (the fitting) line used in the two methods. Lineweaver-Burk plot is widely used 

for its simplicity, however, there are some disadvantages using this methods, for instance, the 

outermost point to the right (the lowest concentrations) influences where the fitting line is 

drawn, also the double reciprocal plot misleads the error value of the data, i.e. the magnitude 

of errors can become inaccurate, e.g. small error in the initial reaction velocity corresponds to 

large error in 1/(initial reaction velocity). It is therefore less reliable for the determination of 

enzyme kinetic.69 

As mentioned before, the three samples shown are randomly chosen, therefore, similar 

comparison of the results and arguments (described above) can be applied to the other 

measured samples data.  

 

6.5 Comparing the Enzyme Kinetic of HRP Protein and BSA-HRP Protein 

Microparticles in PBS and in Solvents 

As mentioned before, the enzyme kinetic for the HRP protein and the BSA-HRP protein 

microparticles (BSA-HRP MP) are measured and plotted three time in PBS and in solvents. 

Thereafter, the Michaelis constant (Km) are obtained using the plotted data. Figure 47 and 48 

show the mean appearance Km values for the three tests of HRP and BSA-HRP MP 

respectively in PBS and in solvents. 

                                                           
69 J. E Dowd and D. S. Riggs. “A Comparison of Estimates of Michaelis-Menten Kinetic Constants from Various Linear 

Transformations”. The Journal of Biological Chemistry Vol. 240, No. 2, 863-869, 1965. 
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Figure 47. Appearance Km values of the three tests of the HRP protein in PBS and in solvents. 

 

Figure 48. Appearance Km values of the three tests of the BSA-HRP protein microparticles in PBS and in 

solvents. 

These mean values were then plotted in a percentage diagram for easier comparison. Figure 

49 shows the mean percentage values (in percent) of the appearance value of the enzyme 

kinetic (Km) of HRP and BSA-HRP MP in PBS and in solvents. It is worth to mention again 

that higher Km value means lower enzyme kinetic. Here, 100 % corresponds to the mean 

value of HRP and BSA-HRP MP in PBS which is Km=40 µM. 
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Figure 49. Percentage diagram shows the mean percentage values of the enzyme kinetic (Km) of HRP protein 

and BSA-HRP MP in PBS and in solvents. Here, 100% corresponds to the mean value of HRP and BSA-HRP 

MP in PBS which is Km=40 µM. 

As mentioned before the enzyme activity is highly associated to their structural conformation 

which forms a catalytic active site that convert a very specific substrate to a product. A 

change in the structural conformation caused by, for instance, solvent, pH or temperature 

affects the enzyme catalytic functions, which influences the rate of substrate-product 

conversion reaction. 

Figure 49 shows how the enzyme kinetics of the HRP (brown columns) depending of the 

surrounding environment. Different Km values in different solvents. However, the enzyme 

kinetics of the BAS-HRP MP (blue columns) is independent (or less dependent) on the 

surrounding environment. The appearance Km values are comparable for the different solvents 

except for Acetonitrile. This means that despite the protein cross-linking during the 

formulation of the microparticles, the HRP in the microenvironment did not lost its ability to 

bind the substrate and form a product (except in acetonitrile), i.e. the microparticles 

maintained the activity of an enzyme. This means that the enzyme activity is more stable in 

the microenvironment. 

Figure 50 show a schematic drawing of how proteins and protein microparticles behaves in a 

hostile environment. 
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Figure 50. A schematic drawing of: A) How the active site of proteins can change conformation in a hostile 

environment. B) The active site of the proteins in the microenvironment (protein microparticle) does not 

undergoes conformational changes in a hostile environment.  

Figure 50, shows that the active site of the enzymes (proteins) in the microparticles does not 

changes in a hostile environment due to decreasing in contact area between the enzyme and 

the surrounding environment and due to the cross-links which prevent conformation change. 

However, this is not the case for the free enzyme, the specific active site of the enzymes 

changes depending on the environment which leads to that the enzyme deceases its ability to 

bind to the substrate, i.e. the enzyme catalytic function decreases which caused the rate of 

substrate-product conversion reaction to be slower or even none. 

As mentioned before, different solvents have different effects on the structural conformation 

of the protein, i.e. stability issue. However, the stability can be improved using protein 

microparticles. Figure 49 shows how the stability has improved using protein microparticles. 

The increasing stability by using protein microparticles occurs due to the decreasing in the 

surface area that is in contact with the solvent (smaller particles have much larger area to 

volume ratio) and also due to the cross-linking that prevents conformation changing. 

Moreover, it has been reported that a similar method, which also involve different types of the 
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cross-linking between proteins called cross-linked enzyme aggregates (CLEAs), have high 

stability in organic solvents.70 

In term of thermodynamics, entropy of a system is temperature dependent, i.e. the entropy 

increases when temperature increases. For proteins, this means that the number of microstates, 

i.e. conformations, increases with temperature. It has also been reported that stability to 

temperature has also increased using protein microparticles. The protein microparticles have 

higher temperature resistance than only protein. The higher resistance is due to the bonds 

(covalent bonds) formed between the protein that decrease the flexibility of the protein. The 

decreasing in flexibility leads to decreasing conformational changes and hence increasing 

stability.71  

Another stability issue is the effect pH. The structural conformation of protein undergoes 

changes as a response to change in the pH of the surrounding environment. The conformation 

change occurs due to the functional groups (such as -COOH, -NH2) which can be ionized and 

obtain a charge in a certain pH. However, using protein microparticles increases stability to 

pH. This occur due to the interaction formed between the basic residues of the enzyme and the 

reagent (which cross-links the enzyme) during the cross-linking that changes the acidic and 

basic amino acid side chain ionization around the active site of the enzymes.68 

  

                                                           
70 L. Cao. “Immobilised enzymes: science or art?”. Current Opinion in Chemical Biology 9, 217-226, 2005. 
71 B. S. Aytar, U. Bakir. ”Preparation of cross-linked tyrosinase aggregates”. Process Biochemistry 43, 125-131, 2008. 
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6.6 Printing of HRP Protein and BSA-HRP Protein Microparticles 

As mentioned before, the printing involve mixing HRP protein (or BSA-HRP MP) in PBS 

with a conductive ink. After printing the HRP in PBS (2.5 µg/mL, 5 %) with ink (95 %) and 

dehydrated over night at room temperature according the method describes in section 5.7.2 

(Protein Printing and Testing Methods), the enzymatic activity could be tested by drop-casting 

ready-to-use TMB on the sample and collected after 3 min. A blue color obtained which 

indicates an enzymatic activity. Figure 51 shows a printed sample containing HRP solution 

(2.5 µg/mL) with ink and the blue product produced by HRP-TMB interaction. 

 

Figure 51. A printed sample containing HRP solution (2.5 µg/mL) with ink and the blue product produced by 

HRP-TMB interaction. 

However, by using the method describes in section 5.7.4 (Protein Microparticles Printing and 

Testing Methods), no blue color could be obtained. The reasons could be due to low 

BSA-HRP MP concentration in the ink solution. By increasing the concentration of the 

BSA-HRP MP up to 75-85 % of the ink solution, a blue color is obtained which indicates an 

enzymatic activity. The explanation behind the necessity of increasing the MP concentration 

is that when the sample contains only 5 % (by weight) of the BSA-HRP MP solution, it 

contains several orders of magnitude less MP than free HRP in the HRP-ink sample. This 

means that the sample containing free HRP solution has significantly larger total contact area 

than the MP in the MP-ink sample. Also, the HRP-ink sample has larger distribution of the 

free HRP on the surface of the sample which increases the interaction probability between the 

TMB substrate and the HRP, see figure 52.  
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Figure 52. A schematic drawing shows the distribution of the proteins and the microparticles in an ink sample.  

Therefore, increasing the MP in the MP-ink sample increases the total contact area (more 

particles provides more surfaces) and also increases the amount of the MP at the surface of 

the sample. Figure 53 shows the printed samples containing different concentrations of the 

BSA-HRP MP solution with ink. 

 

Figure 53. Printed samples containing: A) 5 % BSA-HRP MP solution with 95 % ink, no blue color, i.e. no 

enzymatic activity obtained. B) 75-85 % BSA-HRP MP solution with 15-25 % ink, blue color, i.e. enzymatic 

activity obtained. 

Furthermore, using MP solution (with conductive ink) as a bioink addresses another problem, 

i.e. leakage, or diffusion, problem. Testing the free HRP solution with ink sample show a 

leakage effect. The testing is performed by drop-casting 30 mL of PBS on the surface of the 

sample (after dehydration over night at room temperature) for 30 min. The PBS was then 

collected and tested using the ready-to-use TMB. A blue color was obtained which indicates a 

HRP-TMB interaction, which in turn indicates that there is a leakage, or diffusion, of the free 

HRP from the ink solution to the drop-casted PBS. However, the same test is done for the MP 

and the result shows no color changing, i.e. no leakage occurred despite the higher MP 

concentration, which makes the MP a solution to this kind of leakage problem. Figure 54 

shows a leakage test of printed samples. 
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Figure 54. A leakage test of printed samples containing: A) Free HRP solution in ink, the blue color indicate 

TMB-HRP interactions which confirm leakage/diffusion. B) BSA-HRP solution in ink. No color changing, i.e. no 

leakage.  
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7. Conclusions 

The main conclusions that can be draw are that the solvents used affect enzyme activity of the 

protein. The enzymatic activity can be decreased or increased depending on the solvents. 2-

Propanol and Acetonitrile cause decrease in the enzymatic activity of the protein while 

Ethylene glycol increases the enzymatic activity. To maintain a more stable enzyme activity 

of a protein, microparticles made of the same protein can be used. It has been shown that 

these protein microparticles are more stable in hostile environments such as solvents. It has 

also been reported that similar method can increase stability in other hostile environments 

such as pH and temperature. These stability properties of the protein microparticles can be 

utilized in different applications that require a stable enzymatic activity of a protein whatever 

the environment and the procedure used. For instance, Hydrogen peroxide (H2O2) has many 

industrial applications.72 It is an essential mediator in pharmaceutical, clinical, and 

environmental research; it is a byproduct of selective oxidases and an important contaminant 

in many industrial products and wastes. 73 Therefore, a Hydrogen Peroxide Biosensors based 

on BSA-HRP protein microparticles can be a good and economical method for the 

determination of Hydrogen Peroxide.74 

Furthermore, printing the MP required higher MP concentrations in the ink due to the surface 

area decreasing. Moreover, the ink solution containing free proteins introduces 

diffusion/leakage problem that can be avoided by using protein microparticles. 

Other advantages using protein microparticles are simplicity, high enzymatic activities, low 

production costs and lower catalyst productivity.75 76  

 

 

                                                           
72 H. Elzanowska, E. Abu-Irhayem, B. Skrzynecka and V. I. Birss. “Hydrogen peroxide detection at electrochemically and 

sol-gel derived ir oxide films”. Electroanalysis 16, 478-490, 2004. 
73 C. Camacho, J. C. Matías, B. Chico, R. Cao, L. Gómez, Be. K. Simpson and R. Villalonga. “Amperometric Biosensor for 

Hydrogen Peroxide, Using Supramolecularly Immobilized Horseradish Peroxidase on the β-Cyclodextrin-Coated Gold 

Electrode”. Electroanalysis 19, 2538-2542, 2007. 
74 A. J. S. Ahammad. “Hydrogen Peroxide Biosensors Based on Horseradish Peroxidase and Hemoglobin”. J Biosens 

Bioelectron S9:001, 2013. 
75 M. P. G. Torres, M. L. Foresti and M L. Ferreira. “Cross-linked enzyme aggregates (CLEAs) of selected lipases: a 

procedure for the proper calculation of their recovered activity”. AMB Express, 3:25, 2013. 
76 S. Talekar, S. Waingade, V. Gaikwad, S. Patil and N. Nagavekar. ”Preparation and characterization of cross linked 

enzyme aggregates (CLEAs) of Bacillus amyloliquefaciens alpha amylase”. J Biochem Tech 3(4), 349-353, 2012. 
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8. Future Work 

The enzymatic activity of the HRP and the BSA-HRP protein microparticles (BSA-HRP MP) 

are measured using Michaelis-Menten kinetics by measuring the absorption of the blue 

product formed due to HRP-TMB interactions. However, the absorption are measured with 

wavelength of 355 nm which is not the exact wavelength for this product. Therefore, the 

measurements can be confirmed by using the best wavelength for this substrate which is 370 

nm. 

Due to lack of time for this project the author could not continue to investigate the properties 

of this type of protein microparticles such as stability in pH and in temperature. Therefore as 

future work, further investigation on the stability of this protein microparticles model in 

different pH and temperature can be done. 

Also due to lack time and as future work, the enzymatic activity of the test printed samples 

above (HRP and the BSA-HRP MP in PBS with ink) have to be measured using, for instance, 

a spectrophotometer, which can show how the enzymatic activity changes when proteins 

and/or microparticles are involved. Also, test printing and measuring the enzymatic activity of 

the free HRP and the BSA-HRP MP with the solvents, used above, instead of buffer and 

comparing the enzymatic activity, can be an important phase due to that most of the 

commercial used ink today containing one or several solvents. Moreover, measuring the 

conductivity of the free HRP and the BSA-HRP in PBS, and/or solvents, with ink and 

comparing the results is also important to see how the conductivity differ between ink 

solution containing free HRP and ink solutions containing BSA-HRP MP. 

Usually, printing ink are stored in cartridges for longer time, therefore it is an interesting to 

investigate the stability of the HRP and BSA-HRP MP in the above mentioned solvents for 

longer time. The investigation can be done by comparing the enzymatic activity of the HRP 

and the BSA-HRP MP after being incubated in solvents for longer time, for instance 5 h, 10 h, 

24 h, and 1 week, and comparing the results.  

Similarly to the methods of investigation done in this project, one could confirm the stability 

of the protein microparticles by testing other solvents, which can have other properties and 

applications. 
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The enzyme model that has been chosen for the project is HRP, however the methods and the 

investigations procedures used in this project can be utilized to analyze other enzyme models 

such as Glucose Oxidase enzyme (GOD) and Laccase, which can have other properties and 

applications. 
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Appendix A - Time Plan 
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Appendix B – Protocol for Optical Microscope 

Sample Preparations 

 Materials  

- BSA-HRP protein microparticles (BSA-HRP MP)  

- Glass slides (24 X 50 mm) 

- Cover slips (18 X 18 mm) 

- Nail Polish, purchased from H&M (Linköping, Sweden)  

- DI water 

 

 Preparation 

1- Wash the BSA-HRP MP with DI water several times. 

2- Centrifuge at 2000 rpm for 2 min.  

3- Remove excess water.  

4- Vortex the BSA-HRP MP well. 

5- Dilute the BSA-HRP MP with DI water to a desire concentration. 

6- Sonicate the diluted sample for a few seconds. 

7- Vortex again. 

8- Add 1 µL of the diluted sample on a glass slide. 

9- Cover the sample with a cover slip. 

10- Seal the edges between the glass slide and the cover slip with nail polish to keep the 

sample from drying. 

11- Let the nail polish dry for 2 min. 

Thereafter, the sample is ready to use. 

Exactly the same procedures are used if the HRP-BSA MP are in solvents. 
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Appendix C – Protocol for SEM Sample 

Preparations 

 Materials  

- BSA-HRP protein microparticles (BSA-HRP MP)  

- Clean Sample holder 

- Silicon plates covered with Gold 

- Double sided Cupper tape 

- Silver paint 

- Sputtering material, such Platinum, for coating 

- DI water  

 Preparation 

Use cloves to avoid contamination. 

1- Place the double sided Cupper tape on the sample holder. 

2- Place the Silicon covered with gold on the other side of the Cupper tape with Gold side 

upwards. 

3- Wash the BSA-HRP MP with DI water at least 8 times, very important. 

4- Centrifuge at 2000 rpm for 2 min.  

5- Remove excess water.  

6- Vortex the BSA-HRP MP well. 

7- Dilute the BSA-HRP MP with DI water to a desire concentration. 

8- Sonicate the diluted sample for a few seconds. 

9- Vortex again. 

10- Add 0.2-0.5 µL of the diluted sample on the Gold sided Silicon plate. (The added amount 

depends on the holder’s size). 

11- Let the sample dry for a few hours in a clean place to avoid contamination. 

12- Connect one edge of the Gold side to the sample holder with the Silver paint. Avoid 

touching the areas that contains the sample. 

13- Coat the sample using sputtering with, e.g. Platinum for 10 s. 

Thereafter, the sample is ready to use. 

Figure 55 show a schematic drawing of the complete sample. 

Exactly the same procedures are used if the HRP-BSA MP are in solvents. 
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Figure 55. A schematic drawing of the SEM sample preparations. 
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Appendix D - Protocol for HRP Protein in Solvents 

 

 Materials 

-HRP protein 

- PBS 

- Solvents: 2-Propanol (99 %) purchased from Merck (Darmstadt, Germany). Acetonitrile (99 

%) purchased from Merck (Darmstadt, Germany). Ethylene Glycol (99+ %) purchased from 

Aldrich (Milwaukee, USA). 

 Preparation 
 

1. Add 5 mg of HRP to 1 mL of the PBS. 

2. Add 10 µL of the desired solvent to 10µL of HRP in PBS to a final HRP solution of 2.5 

mg/mL in PBS and solvent. 

3. Incubate for 1.5 h. 

4. Dilute 10000 times with PBS before using. 

 

Then, 1 µL of the final HRP solution are used to measure the enzyme kinetic. 

 

In case when the solution of HRP in PBS (5 mg/mL) is a solid state (frozen state): 

1. Defrost the solution for 20 minutes at room temperature. 

2. Continue with point 2 above. 
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Appendix E - Protocol for BSA-HRP Protein 

Microparticles in Solvents 

 

 Materials 

- BSA-HRP protein microparticles 

- Solvents: 2-Propanol (99 %) purchased from Merck (Darmstadt, Germany). Acetonitrile (99 

%) purchased from Merck (Darmstadt, Germany). Ethylene Glycol (99+ %) purchased from 

Aldrich (Milwaukee, USA). 

 

 Preparation 
 

The microparticles are usually incubated in PBS at 4 oC. 

 

1. Wait 15 minutes for the microparticles to obtain room temperature. 

2. Centrifuge the microparticles for 3 min at 2000 rpm. 

3. Remove the excess PBS. 

4. Add 10 µL of the microparticles to 10 µL of the desired solvent. 

5. Incubate for 1.5 h. 

Then, 0.5 µL of the microparticles in the solvent are used to measure the enzyme kinetic. 

 


