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List of Abbreviations:

BSA                                           Bovine serum albumin

CNBR                                        Cyanogen bromide

DIC                                            Diisopropyl carbodiimide

DMF                                           Dimethyl formamide

DTPA                                         Diethylenetriamine Pentaacetic Acid

EIA                                            Enzyme linked immunoassay

FITC                                          Fluorescein isothiocyanate

HCl                                             Hydrogen chloride

HF                                              Hydrogen fluoride

HRP                                            Horseradish peroxidase

IgG                                             Monoclonal immunoglobulin

MDGI                                        Mammary derived growth inhibitor

NHS                                           N-hydroxy succinimide

NP                                              Nanoparticle

PBS                                            Phosphate buffer saline

PBST                                          Phosphate buffer saline + Tween 20

PSi                                              Porous silicon

Si-O                                            Silicon oxygen bond

Si-C                                            Silicon carbon bond

Si-H                                            Silicon hydrogen bond

TCPSi                                        Thermally carbonized porous silicon

TMB                                          Tetramethyl benzidine

TOPSi                                        Thermally oxidized porous silicon

UNTHCPSi                                Undecylenic acid treated thermally hydro carbonized porous silicon

UNPSi                                        Undecylenic acid treated porous silicon
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Abstract:

During  the  last  few years,  a  number  of  drug  delivery  applications  are  demonstrated  using  the 

nanoparticles. Mesoporous silicon nanoparticles have many important properties which make them 

advantageous for biomedical applications. The size of the pores, morphology and surface chemistry 

of  the  pores  can  be  easily  controlled.  Depending  on  the  fabrication  method  and  chemical 

modification of the silicon, increased or sustained release of the loaded drug can be obtained. The 

biocompatibility and low toxicity of mesoporous silicon makes them favorable for the therapy and 

diagnostics. 

This  thesis  reviews  the  utilization  of  surface  modified  nanoparticles  for  bio-conjugation.  The 

surface is derivatized with carboxylic groups by thermal reaction with undecylenic acid. Surface 

functionalization  allows  the  chemical  conjugation  of  different  type  of  bioactive  molecules  like 

monoclonal  antibodies,  peptides  and  small  molecules.  In  this  work  rabbit  antibodies  against 

synthetic peptide and avidin were conjugated to the silicon based mesoporous nanoparticles. The 

conjugation was confirmed with conventional immunoassay using peroxidase conjugated anti-rabbit 

antibodies or flourescein conjugated biotin.
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Introduction:

The fast progress in micro and nanotechnology during the last few years has great impact to the 

current  research  of  biomedical  applications.  Implementation  of  nanotechnology  in  the  field  of 

biotechnology  has  become  important  part  of  the  life  sciences.  Nanomaterials  like  dendrimers, 

nanorods,  liposomes,  inorganic  nanoparticles,  nanoshells,  Quantum  dots,  Superparamagnetic 

nanoparticles have been used as a drug carriers or in imaging process.

The use of nanoparticles (NP) based on organic materials in biomedicine is often limited by their 

poor bioavailability like limited chemical and mechanical stability, swelling and inadequate control 

of  drug  release. Mesoporous  silicon  is  a  promising  material  with  several  important  properties 

advantageous to biomedical applications. They have high drug payload capacity and the size of the 

pores is easily adjusted. Furthermore, they are non toxic and surface is chemically tunable, allowing 

a conjugation of different bioactive molecules for targeting purposes. During the manufacturing of 

NPs the surface are derivatized with chemically active groups like amino or carboxylic groups. The 

particles  conjugated  to  bioactive  molecules  are  used  to  target  different  organs  or  tissues  with 

pathological  alterations  within  the  human  body.  The  large  surface  area  resulting  from  the 

mesoporosity  and  the  role  of  surface  chemistry  makes  these  inorganic  NP  as  an  interesting 

alternative for many biomedical applications.

Fabrication of porous silicon:

Porous silicon is fabricated from silicon substrate by etching it to form pores. Due to the abundance 

of Porous silicon (PSi) applications in electronics, the global capacity to produce PSi is very high. 

The purity level that can be achieved is sufficient or even higher than required for biomedical uses. 

The pore morphology of PSi depends on the properties of the initial silicon substrate and on the 

fabrication parameters. One of the great advantages is that the pore formation and pore size can be 

easily controlled. Porosity is determined by the ratio of volume of all the pores in a material to the 

total volume of the material and it usually varies from 40 to 80%.

Simple method to produce porous silicon by electrochemical dissolution of Hydrogen fluoride (HF) 

based electrolyte solution. The cell is made of Teflon or some HF resistant material and cathode is
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made of platinum. Either anodic current or voltage is monitored and use of constant current helps in 

reproducing the material with better porosity and thickness. The dissolution of silicon is by direct or 

indirect method based on the concentration of HF solutions and the dissolution may be in form of 

below given equation:

                                               Si + 2H2O         SiO2 + 2H2

                                                                   ´                (Silicon dioxide)

                                             SiO2 + 6HF        H2SiF6 + 2H2O

                                                                      (Hexa fluorosilicic acid)

To improve the uniformity of the PSi  layer,  ethanolic solutions are preferred over the aqueous 

solutions. Due to the lower surface tension of ethanol compared to water, the hydrogen bubbles 

formed are smaller and has a positive effect on the pore formation. When a simple anodized cell is 

used, it is not easy to obtain uniform layers of PSi despite the use of ethanolic solutions. Especially 

if the resistivity of the silicon substrate is high, there is more possibility to obtain non uniformity 

both in porosity and thickness. To obtain better uniformity, a different type of installation is done as 

shown in the Figure 1. This is called as Double tank anodization cell.

                      

                       Figure 1: Modified picture of Double-tank anodization cell (Salonen et 2007)
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In this construction the Si wafer is placed between two electrolyte cells of platinum. One side of the 

substrate is the anode and the other end acts as cathode. Finally etched wafer are milled to produce 

the NP of PSi. By controlling the sieving process the particles size can be controlled from micro to 

nano size.

Surface modification:

The  anodized  PSi is  hydrogen  terminated  consisting  of  Si-H,  Si-H2 and  Si-H3 hydrides.  Main 

impurity observed in PSi is oxygen and these hydrogen terminated surface are also susceptible to 

oxidation. To overcome this problem, the Si-H species on the surface are often replaced with Si-O 

or Si-C by chemical modification.

Partial oxidation is the simplest way to stabilize the surface of the silicon. It is usually carried out at 

around 300°C. In order to obtain complete oxidized surface the temperature has to be increased up 

to 900-1000°C. The product obtained with this method is called thermally oxidized porous silicon 

(TOPSi).  Oxidation  affects  the  porosity  and the  pore  diameter,  since  the  formation  of  oxygen 

bridges expands the pore structure. In contrast to the hydrogen terminated surface of untreated PSi, 

the TOPSi surface is hydrophilic. That has a strong influence on the adsorption mechanisms in the 

drug loading process.

In hydrosilylation, alkyl terminated surface is achieved by inserting an unsaturated hydrocarbon 

bond into  Si-Hx  group. Both alkenes and alkynes are used for these attachments. Many different 

techniques like thermally induced or Lewis acid catalyzed or photochemically induced approaches 

are followed to attain hydrosilylation. Thermal hydrosilylation is regarded as the simplest and the 

most promising technique for biomedical applications. Since the reaction takes place in the silicon-

hydride groups, silicon has to be carefully protected from water to keep them away from oxidizing 

the surface. 

One advantage for hydrosilylation is that this approach enables the attaching of the methyl group to 

the surface. It does not provide a complete coverage of the surface because a majority of Si-H 

groups may remain on the modified surface. Thermal carbonization is a more effective method to 

form Si-C bonds than hydrosilylation. In this method the organic liquids are replaced with gaseous 

hydrocarbons, usually with acetylene. The acetylene molecules were first adsorbed to the silicon 
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surface.  The interaction between the surface and the acetylene molecules are very strong, so the 

hydrogen atoms on the surface desorbs more easily than acetylene. This can be achieved at very 

high  temperature  and  sometimes  due  to  good  diffusivity  of  acetylene  molecules;  complete 

carbonization can also be obtained. The nature of the formed Si-C species depends on the treatment 

temperature.  Hydrocarbon  surface  is  obtained  by  operating  at  temperature  below  700°C  with 

continuous flow of acetylene and they are called as thermally hydro carbonized porous silicon 

(THCPSi).  If  the temperature above 700°C is  used,  no hydrogen is left  on the surface and the 

product is named as thermally carbonized porous silicon (TCPSi).

Besides the stabilization of the surface, the target of the surface modification is biofunctionalization 

of the PSi by attaching a suitable functional group on it. A very simple and straight forward strategy 

is to use a suitable surface chemistry with good stability. The thermal reaction of undecylenic acid 

with hydrogen terminated porous silicon surface at  95°C produces organic monolayer  with free 

carboxylic  acid  covalently  attached  to  the  surface  through  Si-C  bonds  (Figure  2).  After  the 

attachment of the carboxyl group on the PSi surface, they could be easily modified further for 

therapeutic  applications.  Two different  sets  of  NP,  which  are  treated  with  undecylenic  acid  is 

implemented for this thesis work. One is made by direct treatment of undecylenic acid to the PSi 

and they  are  represented as  undecylenic  acid  treated  porous  silicon  (UNPSi).  The other  set  of 

particles were thermally hydro carbonized and also coupled to undecylenic acid. They are called as 

undecylenic acid treated thermally hydro carbonized porous silicon (UNTHCPSi)

                                                

Si Si

Si Si

CC
H

H H
H

O

OH

                                       Figure 2:  Chemical structure of the surface of UNTHCPSi 
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Biocompatibility:

The biocompatibility  is  one  of  the fascinating  properties  of  PSi  and it  varies  according to  the 

porosity of the material. Highly Porous silicon particles (>70%) dissolves in all the stimulated body 

fluids. While medium porous materials are bioactive, also they have property to biodegrade very 

slowly. The very low porous and macroporous Si are bioinert materials similar to the non-porous 

materials. Bioinert materials do not degrade in the human body, but they are not harmful and easily 

removed upon excretion.

Other  important  aspect  for  biomedical  applications  is  the  toxicity  of  the  dissolved  Si.  It  is  an 

essential nutrient for the human body; intake varies between 20-50 mg/day. In the human body, the 

mesoporous Si degrades mainly into monomeric silicic acid, which is the most natural form of Si in 

the environment:

                                        2SiO2 + 2H2O         Si(OH)4

                                                                                                                                      ( Silicic acid)

Also silicon may be important in human physiology for reducing the toxic effects of aluminium. 

The in vitro dissolution studies of PSi confirmed that the silicic acid concentrations remain very low 

and can be controlled with the porosity of PSi.

Aim:

The aim of the study is to conjugate  Avidin,  Streptavidin,  Human IgG and Rabbit  anti-peptide 

antibodies to the surface of mesoporous silicon NP. For this study, the anti-peptide antibodies were 

purified with the affinity chromatography using  Cyanogen bromide  (CNBR) activated sepharose 

conjugated  with  synthetic  peptide.  All  three  proteins  were  conjugated  to  the  NP  via  the  free 

carboxylic  acid  using  carbodiimmides.  The conjugation  was  verified  either  with  corresponding 

HRP-conjugated anti IgG antibodies or biotinylated Fluorescein isothiocyanate (Biotin-FITC). In 

the last part of the work NPs were double conjugated with Avidin and Bovine serum albumin-

Diethylenetriamine  Pentaacetic  Acid (BSA-DTPA).  BSA-DTPA  conjugation  was  verified  by 

radiolabelling with 
111

Indium.
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Materials and Methods:

Nanoparticles:

The type of surface modified PSi used in this work was Undecylenic acid treated thermally hydro 

carbonized  porous  silicon  (UNTHCPSi) (Provided  by  Dr.  Jarno  Salonen,  University  of  Turku, 

Finland).

Rabbit Antibodies:

The Rabbit  antipeptide antibodies (a-Mammary derived growth inhibitor  (MDGI) 1-20 peptide) 

were used for purification and also for the conjugation to the surface of NP.

Affinity chromatography by CNBR activated sepahrose:

Rabbit anti-peptide antibodies were purified from two different rabbits (R1 and R2) using peptide 

affinity chromatography. The first bleeds of two rabbits were R1/1, R2/1 and the second bleed was 

represented  as  R1/2,  R2/2.  The  bleeds  R1/1,  R1/2  and  R2/2  were  purified.  Three  different 

preparates of MDGI peptides (Purified MDGI, MDGI, BSA conjugated MDGI) were tested by EIA 

and BSA conjugated MDGI was chosen as the suitable ligand for coupling to CNBR activated 

sepahrose (GE Healthcare Life Sciences, Uppsala, Sweden). 

About 1g of CNBR activated sepharose was washed in sintered glass filter with 200ml of 1mM HCl 

for 15 minutes using the vacuum. Synthetic MDGI peptide conjugated to BSA (Provided by Dr. Ale 

Närvänen,  University of Kuopio) was dissolved into 5ml of  coupling buffer containing 0.1 M 

NaHCO3  with pH 8.3 containing 0.5 M NaCl. The coupling solution containing the ligands were 

mixed  with  CNBR  activated  sepharose  and  rotated  with  end-over-end  (Bio  RS-24,  Biosan) 

overnight  at  room temperature  (RT)  in  PD-10 capped (GE Healthcare  Life  Sciences,  Uppsala, 

Sweden) column. The excess ligand was washed away by using the coupling buffer. Anti- peptide 

specific  antibodies  were  removed  with  glycine  solution  and  2-4ml  of  fractions  was  collected. 

Finally Ultracentrifugation (Viva Science, Gloucestershire, UK) with PBS was carried out using 

30000 Molecular weight cut-off (MWCO) Polyethersulfone (PES) membrane filter at 4000rpm with 

Multifuge  3S-R (Thermo electron  corporation,  Osterode,  Germany)  for  20minutes  and purified 

samples were collected in 2ml eppendorf tube with PBS. The concentrations of collected samples 

were determined by measuring the absorbance at  280nm with V-530 SpectroPhotometer (Jasco 

Corporations ltd, Tokyo, Japan). 
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Protein A Sepharose (GE Healthcare Life Sciences, Uppsala, Sweden) was used for purification of 

total IgG. In this method, the Native Protein A was used as ligand for the coupling of IgG. 1gm of 

Protein A Sepharose was washed in the column with 5ml of PBS. Antibodies were removed from 

the column with 2ml of 0.1M glycine (pH2) solution collecting 4ml fractions. For removing the 

waste and to concentrate the purified samples ultracentrifugation was done with 30000 MWCO 

filter as above and at 280nm their concentrations were measured. 

HiTrap desalting column:

 Sephadex G-25 HiTrap Desalting column (GE Healthcare Life Sciences, Uppsala, Sweden) was 

used to calculate the concentration of the purified antibodies. The samples were run at flow rate of 

1ml/min using PBS as eluent with LC-10AD pump (Shimadzu, Columbia, USA). The absorbance 

was  monitored  with ABI/Kratos  absorbance  detector  (New  Jersey,  USA)  at  280nm.  The 

concentrations  of  the  purified  samples  were  calculated  by  using  Human  IgG  (Rockland 

Immunochemicals, PA, USA) as standard. Concentration of the purified samples was calculated by 

the following equation. 

                                                               Peak vaule in R1/1 or R1/2                                                  

                Concentration of samples = ------------------------------------ * 200* 10 

                                                                Peak value of Human IgG

where, R1/1 - First bleed from rabbit 1 and R1/2 - Second bleed from rabbit 2

Enzyme linked immune Assay (EIA):

The purified anti- peptide antibodies from above methods were tested by EIA. The BSA conjugated 

MDGI conjugate peptide was coated on the wells of microtitration plate (Thermo fisher scientific 

ltd,  Vantaa,  Finland)  by  diluting  into  0.1M  Sodium  carbonate  pH  9.5  (PU5)  and  incubated 

overnight.  Next  day  the  wells  were  blocked  by  using  1%  Bovine  serum  albumin  (BSA)  in 

Phosphate buffer saline+Tween 20 (PBST) for 1 hour to avoid non specific binding of proteins to 

the plate. The wells were washed three times with 250µl of PBST. 100µl of sample diluted (1:100) 

in (1%BSA+PBST) were pippeted into the wells and incubated for 30 minutes at RT. After the 

wash with PBST as above, 100µl of secondary antibody or HRP-IgG (Rockland Immunochemicals, 

PA, USA) about (1:10000) in (1%BSA+PBST) was incubated for 30 minutes at RT. After washing 

with PBST as above, dilute Tetramethylbenzidine (TMB, Sigma-Aldrich) chromogen (0.5% TMB 
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in Dimethyl sulfoxide) was mixed (1:50) with substrate (0.1M Sodium acetate + 1.5mM citric acid 

+ 30% hydrogen peroxide). 100µl  of substrate was pippeted to every well and incubated for 20 

minutes at RT. The colour reaction was stopped by addition of 50µl  of 2M Sulphuric acid. The 

absorbance was measured at  450nm with the Spectrophotometer (Multiscan RC, Thermo fisher 

scientific ltd, Vantaa, Finland).  The reactivity of avidin, biotinylated IgG, or anti peptide IgG was 

tested by coating on the microtitration plates as above. Biotin-FITC was directly measured in the 

Fluorometer (Flouroscan Ascent FC, Thermo labsystems, Finland). 

Biotinylation of a- rabbit IgG:

For biotinylation 2mg of NHS-Biotin (Pierce, Rockford, USA) was dissolved in 590µl  of DMF. 

94µl of NHS-Biotin were mixed with a-rabbit IgG (7mg/ml) in PBS with end-over-end for 30 min 

at RT. The free biotin was removed by ultracentrifugation as described above. Purified biotin-IgG 

was diluted in 1ml PBS to the final concentration of 4.5mg/ml. Biotinylated IgG was used to test 

the capability of NP-avidin conjugate to bind biotinylated IgG by HRP-IgG.

Conjugation of proteins to nanoparticles (NP):

Two different approaches are followed for the coupling of proteins to the surface of Undecylenic 

acid  treated  thermally  hydro  carbonized  porous  silicon  (UNTHPSi)  For  Human  IgG,  the 

purification of NP-IgG was done with liquid chromatography. The activation of the surface was 

done by dissolving 1mg of NP in 1ml of Dimethyl  formamide (DMF) in a glass ampoule and 

40nmol(46mg) of N-hydroxy succinimide (NHS), 40nmol(7µl) of Diisopropyl carbodiimide (DIC). 

The particles were mixed for 30 min with the magnetic stirrer (MR 3001K, Heidolph) at RT. The 

activated NP was isolated by normal phase chromatography with silica gel (Merk KgaA, Darmstadt, 

Germany) column using ethyl acetate as eluent. 2ml of fractions were collected in a 5ml still pot 

and 500µl of ethanol was added into the still pot. Ethyl acetate was evaporated with RE-111 rotary 

evaporator (Buchi, Flawil, Switzerland). 200µg of Human IgG was diluted in 1000µl of water and 

mixed with activated NP in ethanol solution by end-over-end for 30 minutes. IgG conjugated NP 

was purified by size exclusion chromatography using the Sepahcryl (S-300) or Superose 6 (GE 

Healthcare Life Sciences, Uppsala, Sweden) packed column. The samples were run in the column 

with water as eluent at a flow rate of 1ml/min and 3ml of fractions were collected using the fraction 

collector (2212 Helirac, LKB Bromma). The collected fractions were tested with 500µl of HRP-anti 

Human IgG 1:10000 in (1%BSA+PBST) by mixing with end-over-end for  30 min at  RT.  The 

sample was run through the Size exclusion column to remove the unbound secondary antibodies. 
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100µl  of final samples were moved to the EIA plates and by addition of 50µl  of substrate. The 

colour reactions were measured at 450nm.

The  second  method  was  implemented  for  the  conjugation  of  avidin,  Streptavidin,  anti-peptide 

antibodies and double conjugation. 500µg of NPs were dissolved in 2ml eppendorf tube with 1ml of 

different solvents like DMF, acetonitrile, PBS and PBST. Washing of NPs with these solvents was 

done by repeating sonication with sonicator (Branson 200, Wagner Instrusonic) and centrifugation 

at  13200rpm  for  10  minutes  with  5415D  centrifuge  (Eppendorf  AG,  Hamburg,  Germany). 

Activation was performed by mixing 500µg of NP with 40nmol of NHS, 40nmol of DIC in 1ml of 

DMF in end-over-end for 30 min and washed thrice by centrifugation with Acetonitrile. 200µg of 

avidin (Provided by Dr. Ale Närvänen, University of Kuopio), 200µg  of Streptavidin (Promega 

Corporation Madison, USA), 200µg of anti-MDGI peptide IgG or 150µg of avidin + 50µg of BSA-

DTPA (double conjugation) were dissolved in 1000µl  of water were mixed with activated NP in 

acetonitrile by rotating with end-over-end for 30min at  RT. NP-protein conjugate were washed 

twice with water and replaced finally with 1%BSA in PBST. 

Avidin conjugate was tested by three different methods (Biotin-HRP, Biotin-FITC, a-rabbit HRP-

IgG  via  biotinylated  IgG).  To  verify  conjugation  500µl  of  biotin-HRP  (Rockland 

Immunochemicals,  PA,  USA)  about  (1:10000)  in  (1%BSA+PBST)  were  added  to  NP-protein 

conjugate and mixed for 30min with end-over-end at RT. To remove the unbound HRP, conjugated 

NP were washed for four times with PBST by sonication and centrifugation as above. After the 

final  wash  the  supernatant  was  removed  and  500µl  of  chromogen substrate  was  added  to  the 

precipitate. The presence of HRP was observed by the colour change after incubation of 20 min 

using  (NP-BSA)  as  a  control.  With  Biotin-FITC,  10µg  of  Biotin-FITC  (Provided  by  Jussi 

Rytkonen, Kuopio University) was added in two tubes of NP-avidin conjugate by blocking one with 

biotin and other without blocking. Blocking was done by adding 50µg of biotin in PBS to the NP-

avidin conjugate and then followed by addition of 10µg of biotin–FITC, for unblocked ones the 

Biotin-FITC was directly added to NP-avidin conjugate. In the third method 50µg of biotinylated 

IgG was added to NP-avidin conjugate and mix end-over-end for 30 min at RT. To remove the 

unbound biotinylated IgG, conjugated NP was washed for two times with PBST by sonication and 

centrifugation  as  above.  Finally  500µl  of  a-rabbit  IgG-HRP (Rockland  Immunochemicals,  PA, 

USA) about (1:10000) in (1%BSA+PBST) was added and tested as described above.
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Similarly streptavidin, anti-MDGI peptide IgG and double conjugation were tested by adding with 

10µg of biotin–FITC or 500µl of anti-IgG-HRP (1:10000) in (1%BSA+PBST).

Results:

Purification of anti peptide antibodies:

Samples of Rabbit bleed (R (immunoserum)) and control (R2/0 (serum before immunization)) was 

used  to  determine  the  suitable  peptide  for  affinity  purification (Figure  3.)  Purified MDGI was 

considered as the standard working peptide and it was found that BSA conjugated MDGI conjugate 

as the best ligand for coupling to CNBR activated Sepharose. 

                      

 Figure 3: The Absorbance values of rabbit antibodies (R) with BSA conjugated MDGI was very high as the purified 

MDGI. BSA conjugated peptides were most antigenic for the coupling to CNBR activated Sepharose.

Purified antibodies were tested in EIA and the results were compared to the original serum and the 

unbound antibodies. Anti-peptide antibodies were successfully isolated from both bleed of R2/2 

(Table 1.) whereas there was no anti-peptide antibody in the serum samples of R1/1 and R1/2.

Purification of anti-peptide antibodies of R1 was repeated with new column coupled with same 

peptide. The new column was packed similar way as the old column. Still R1/1 bleeds were not 

very successfully recovered,  indication low concentration of affinity  of  specific  antibodies.  For 

effective purification the same collected samples were run through the column coupled with Protein 

A Sepharose. 
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Table  1:  The immunorectivity  of  purificated rabbit  anti-peptide  antibodies  were  compared  to  standard  samples  at 

different dilutions. R2/2 bleed showed very good reactivity, but the samples R1/1 and R1/2 were negetive

Different dilutions      R

1:10

R2/0

1:10

R2/2

1:10

R2/2 void

   1:10

RI/1

1:10

R1/1 void

      1:10

R1/2

1:10

R1/2 void

       1:10

1000 1.964 0.293 1.812 0.693 0.299 0.206 1.44 0.989

2000 1.895 0.217 2.077 0.54 0.221 0.147 1.485 0.69

4000 1.871 0.176 2.025 0.361 0.167 0.113 1.562 0.58

8000 1.575 0.159 1.82 0.304 0.133 0.144 1.454 0.333

16000 1.681 0.163 2.015 0.142 0.161 0.148 1.241 0.239

32000 1.67 0.128 1.775 0.124 0.161 0.11 1.076 0.129

64000 0.39 0.162 1.402 0.1 0.162 0.112 0.798 0.086

0 0.124 0.097 0.059 0.063 0.222 0.187 0.058 0.043

The concentrations of the purified samples were determined by HiTrap Desalting column. 200µg of 

standard Human IgG in 1000µl of water was run through the column (Figure 4) with UV at 280nm. 

From the peak value of the purified R1/1 samples the concentration of the sample (Figure 5)  was 

235µg/ml. The concentration of R1/2 and R2/2 was 227µg/ml  and 168µg/ml respectively (Figure 

6,7). Concentrations of different samples were summarized in Table 2. 
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        Figure 4: The graph gives a peak value of 0.231 by injecting 200µg of Human IgG with UV at 280nm

Figure 5:   This graph shows  a peak value of  0.028 by injecting R1/1 sample.The concentration was determined by 

comparing the peak values of Human IgG at 280nm.
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Figure 6:  This graph shows  a peak value of  0.027 for R1/2 bleed sample of unknown concentration  with absorbance 

at 280nm.

              Figure 7:  The peak value of  R2/2 bleed sample (0.20)  with absorbance at 280nm.
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                        Table2: Concentration of purified rabbit antibodies was determined  at 280nm. 

NP-Human IgG conjugate: 

The conjugate was purified using the size exclusion column with Sephacryl S-300 with water as 

eluent.  About  50µg  of  standard NP without  activation was run through the column giving the 

retention time (160-180sec) for NP. NP comes earlier when compared to the proteins. Both NP and 

NP-IgG nearly have the same retention time at 160-190 sec in the UV detector and also a small 

peak for the unbound IgG at 380sec (Figure 8.).

The HRP-IgG/NP-IgG conjugate was purified through the same columm (160-190sec), unbound 

HRP-IgG came at 340sec (Figure 9.). These extracted (NP/IgG/HRP-IgG) samples were transferred 

to EIA plates and TMB substrate was added as described above. The absorbance value at 450nm 

was 0.432 with Multiscan and these values were 10 times higher than standard NP (control).
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Different 
samples run in 
column

Peak value 
of Abs at 
280nm

Concentration

         µg/ml

Standard IgG        0.236            200

R1/1       0.028            235

R1/2       0.027            227

R2/2       0.020            168



Figure 8:   Absorbance graph for 10µg  of standard NP (blue)  without activation and NP-IgG was run through the 

sepharose column with UV at 280nm.

Figure 9:  Absorbance graph for NP-IgG with HRP-IgG was run through the sepharose column with UV at 280nm 
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NP-avidin conjugate:

The avidin-NP conjugate was tested with Biotinylated-FITC. The fluorescence measurement of the 

FITC confirms the presence avidin on the surface. The samples with biotin-FITC were twice the 

value  of  biotin  blocked wells  and  20  times  larger  than  the  control  (no  biotin  or  biotin-FITC) 

samples indicates the conjugation of avidin to the NP (Table 3.).

Table 3: Flourescence of NP-avidin with and without biotin blocking. The table gives the verification for the presence 

of avidin on the surface by fluorescence measurement values of FITC.   

Samples Fluorescence at 485nm

NP-Avidin control 0.454

biotin blocked 4.089

Biotin-FITC 9.652

empty wells 0.143

empty wells 0.137

NP-BSA control 0.578

biotin blocked 1.267

Biotin-FITC 1.237

 

 Conjugation of NP-avidin was further tested with biotinylated IgG. Biotinylated IgG was added to 

some tubes of NP-avidin conjugate and NPs without biotinylated IgG were considered as control. 

The HRP-anti rabbit IgG was used as conjugate. The absorbance values of samples were low and 

only three times bigger than control (Table 4.) and it may be due to less binding between NP-avidin 

and Biotinylated IgG.  So the  binding  of  biotinylated  IgG was tested  by coating avidin on the 

microtitration plates and EIA results (Table 5.) showed that biotinylated IgG was not working well 

in comparison with Biotin-HRP coated wells.
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Table 4: The reactivity of biotinylated IgG on NP were not big enough to clearly confirm the binding of Biotinylated 

IgG to the avidin coated surface.

Table 5: EIA results of avidin coated wells with HRP-a-IgG for biotinylated IgG was very low in comparison with 

values in the wells of HRP-Biotin.

Avidin coated wells with Testing samples Abs at 450nm

Biotinylated IgG HRP- IgG 0.352

Biotinylated IgG HRP- IgG 0.392

control HRP- IgG 0.244

control HRP- IgG 0.216

HRP- Biotin 1.765

HRP- Biotin 1.701

empty wells 0.033

empty wells 0.032
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Samples Abs at 450nm

NP-avidin control 0.032

NP-avidin control 0.031

empty wells 0.033

empty wells 0.033

empty wells 0.034

empty wells 0.035

NP-avidin Biotinylated IgG 0.151

NP-avidin Biotinylated IgG 0.158



The presence of avidin on surface of NP was measured directly by using the biotin-HRP. The 

absorbance values of NP-avidin conjugate were 100 times bigger than the control (NP-BSA) clearly 

confirming the binding of avidin to NP (Table 6.).

    Table 6: Binding of Biotin-HRP conjugate to NP-avidin conjugate compared to control (NP-BSA). 

Samples Testing element Abs at 450nm

NP-Avidin Biotin HRP 2.932

NP-Avidin Biotin HRP 2.999

NP-BSA Biotin HRP 0.032

NP-BSA Biotin HRP 0.037

empty wells 0.036

empty wells 0.035

empty wells 0.034

empty wells 0.034

NP-streptavidin conjugates:

Biotin-FITC was used to test the coupling of streptavidin to the NP. Results showed that there was 

no difference between the biotin blocking and without blocking (Table 7.) This may be due to 

problems in  blocking the EIA wells  and also shows unsuccessful  conjugation.  To verify them, 

Biotin-FITC was tested by coating streptavidin on the microtitration plates. EIA results proved that 

biotin-FITC was not working well with streptavidin in comparison with avidin coated wells (Table 

8.) 
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Table 7: The absorbance values of the biotin blocked and without blocking were similar for NP-streptavidin.

  Table 8: EIA results of streptavidin coated with biotin and biotin-FITC proves that it was not working well.

Wells coated with Testing element Abs at 450nm

Biotin-FITC 0.1685

Biotin-FITC 0.1535

     Streptavidin Biotin blocked 0.1446

Biotin blocked 0.1511

         Avidin

Biotin-FITC 0.3223

Biotin-FITC 0.3229

Biotin blocked 0.1863

Biotin blocked 0.1928
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Samples Testing element Fluorescence at 485nm

NP  control Biotin-FITC 0.1541

Biotin-FITC 0.1546

NP-Streptavidin Biotin blocked Biotin-FITC 2.151

Biotin-FITC 2.348

NP-Streptavidin Biotin-FITC 2.711

Biotin-FITC 2.766

empty wells 0.1219

empty wells 0.1080



NP-rabbit IgG conjugates:

Like the NP conjugates of avidin and streptavidin, a-MDGI peptide rabbit IgG was conjugated to 

the surface of NP. Particles were tested by the HRP-anti peptide rabbit IgG. The absorbance values 

of control (NP-BSA) and NP-a-MDGI-IgG were 1:75 ratios, verifying the conjugation (Table 9.) 

Table 9: The values 2.193 and 2.271 strongly verifies the conjugation of MDGI anti peptide antibodies to NP

Samples Testing element Absorbance at 450nm

NP-BSA HRP anti rabbit IgG 0.035

NP-BSA HRP anti rabbit IgG 0.034

NP-anti peptide rabbit IgG HRP anti rabbit IgG 2.193

NP-anti peptide rabbit IgG HRP anti rabbit IgG 2.271

empty wells 0.037

empty wells 0.035

empty wells 0.035

empty wells 0.036

NP-avidin/BSA-DTPA conjugate:

The DTPA acts a chelating agent for radioactive  
111

Indium. BSA-DTPA was used for the radio 

labeling.  About  150µg  of avidin and 50µg  of  BSA-DTPA were coupled to  250µg  of NP.  The 

conjugation  avidin  was verified  by  Biotin-HRP from the  values  of  control  (BSA-DTPA),  NP-

avidin/BSA-DTPA  (Table  10.)  BSA-DTPA  was  tested  by  the  radio  labeling  (done  by  Jussi 

Rytkonen, Kuopio University, Finland). The radiochemical purity was less than 90% indicating that 

they were not completely radiolabelled (Table 11.)
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Table 10: Double conjugation was verified with IgG and BSA-DTPA. The double conjugation values were very good 

compared to the IgG conjugation.

Samples Testing element Absorbance at 450nm

NP-BSA-DTPA Biotin HRP 0.033

NP-BSA-DTPA Biotin HRP 0.032

NP-avidin/BSA-DTPA Biotin HRP 1.863

NP-avidin/BSA-DTPA Biotin HRP 1.827

empty wells 0.033

empty wells 0.035

empty wells 0.035

empty wells 0.034

Table  11:  Radiolabelling  for  equal  amounts  (100µg)  of  NP-BSA-DTPA  and  NP-avidin/BSA-DTPA.  The  gamma 

counter values were used to determine radiochemical purity

Samples Radiochemical purity (%)

NP          8

NP-BSA-DTPA        64.5

NP-avidin/BSA-DTPA        56.6
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Discussion:

Inorganic  mesoporous  silicon  NP  has  shown  to  be  optimal  for  diagnostics  and  therapy.  The 

fabrication conditions and surface modification are the important factors which determine the nature 

of PSi for biomedical applications. The pore size and shape can be adjusted according to the need of 

drug delivery or therapeutic applications. Two type of surface modified PSi has been used in this 

work. The UNTHCPSi was more stable because of the surface was protected by the alkenes group. 

In case of UNPSi, the individual silicon can be easily attacked by the water molecules; this lowers 

the  susceptibility  for  the  aggregation.  The  order  of  the  fabrication  and  surface  chemistry  are 

important for UNTHCPSi, they showed a difference in behavior among the nature of synthesis. 

Pore formation is favorable before the surface modification. In reverse order surface chemistry was 

not very effective. The chemical properties of the solvents used to fill the pores have a big impact to 

the solubility and drug loading. For example if the pores are filled with ethyl acetate, particles are 

not dissolved in ethanol and the vice versa. During the storage of the particles, they are susceptible 

to the oxidation. DMF is the optimal solvent for storing. Furthermore,  it  dissolves the particles 

completely and can be subjected directly to activation without changing the solvents.

Initially the surface activation with succinimide ester was done with ethyl acetate as solvent. Since 

activated NP was aimed to apply  in vivo studies the solvent should have been changed to water 

based solvent.  The solvent  was changed using Sephacryl  column with water  as an eluent.  The 

Activation solvent was changed to acetonitrile since it has good dissolving properties with water. 

Aggregation of  the  NP-protein conjugates  is  a  problem in size exclusion chromatography with 

water as eluent. It is possible to run small amount of the NP, but in case of large amounts, the 

particles are precipitated in sephacryl S-300 column. The aggregation can be reduced to some level 

by sonicating the samples before loading into the column. After activation and conjugation it is 

preferable to run the particles on the same day. Storing NP or NP-conjugate overnight at +4°C 

increases the level of aggregation. NP-IgG conjugate was more sensitive to aggregation than NP-

avidin conjugate. The Zeta potential of the NP is the main factor for the aggregation. NP is negative 

charged and IgG was neutrally charged. In case of avidin both are negatively charged, the level of 

aggregation was reduced because of the repulsive force between them. 
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To  overcome  this  problem  of  aggregation  in  the  column,  unbound  IgG  was  separated  with 

centrifugation.  It  is  very important  to  use a  proper  washing solution like  PBST to remove the 

unbound proteins completely because in many cases there is unspecific binding of proteins to the 

surface of the NP. The conjugation of avidin to NP was clearly confirmed with biotin-HRP. Results 

of  NP-avidin  conjugate  with  biotinylated  IgG  were  not  very  impressive.  This  was  due  to 

unsuccessful  biotinylation  of  IgG.   Biotin-FITC  showed  good  results  with  NP-avidin  but  for 

streptavidin conjugate the binding of was not very good. In EIA streptavidin did not bind the biotin-

FITC  in  comparison  with  avidin.  Successful  results  with  a-MDGI  peptide  IgG  conjugation 

confirmed the presence of proteins on the surface. The double conjugation was done with avidin 

and BSA-DTPA. During the radio labeling of double conjugated NP, radioactive indium was going 

into  pores  of  the  NP.  To  avoid  this  BSA-DTPA  molecule  were  first  radiolabeled  and  then 

conjugated to the NP.

In conclusion, new methods of anodization and fabrication of PSi must be implemented to provide 

new solution to  eradicate  the  problem of  aggregation.  Also more knowledge about  the surface 

chemistry  of  NP  helps  in  improved  bioconjugation  of  proteins  on  the  surface.  The  future 

prospective  is  to  test  the  conjugation  by  implementing  different  methods  and  also  to  try  out 

conjugation  of  peptides  on  the  surface.  In  this  study  double  conjugation  of  the  proteins  were 

developed.  In  the  future  tumour  specific  monoclonal  antibody  like  cetuximab  (used  to  treat 

colorectal cancer) will be conjugated to the NP. The biodistribution of targeted radio labeled NP-

cetuximab-BSA-DTPA will be tested in vivo in tumor bearing animals. 
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