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ABSTRACT

Photocatalytic TiO,, used for oxidizing organic compounds and biological entities, has
been extensively studied. However, biomolecules conjugated to photocatalytic TiO,
colloidal particles and their applications have rarely been reported. In this work, a novel
platform for fabricating biomolecules conjugated to TiO, using biotin-streptavidin/avidin
bioconjugation and biotin coated photocatalytic TiO, was developed and the properties
and applications of the biomolecules conjugated photocatalytic TiO, colloidal particles

were studied.

Photocatalytic TiO, particles were treated with 3-aminopropyltriethoxysilane (APTS)
and then N-hydroxysuccinimidobiotin (NHS-biotin) to give a biotin coating. The
resulting aminosilanized and biotinylated TiO, particles were characterized by a variety
of methods, including nuclear magnetic resonance spectroscopy (NMR), Fourier
transform infrared spectroscopy (FT-IR), transmission electron microscopy (TEM),
electrophoretic mobility, light diffraction, nitrogen adsorption, polyelectrolyte titration,
conductometric titration, biotin assays, X-ray photoelectron spectroscopy (XPS), and
confocal laser scanning microscopy (CLSM), giving insight into the strategies necessary
to control the density of grafted amino groups, organosilane thickness, and surface
charges of the resulting aminosilanized TiO,. Ultimately, the key parameters for
photocatalytic performace relied on the ability to tune the surface modification reaction,

and the conditions for conjugating the biotinylated TiO; to streptavidin.
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The impact of UV irradiation to the aminosilanized cationic TiO; colloidal particles
was studied. The results show that an oxidization reaction occurs on TiO, surfaces,
resulting in the removal of the amino groups and the change of surface charge from
positive to negative. A new light-triggered flocculation system was developed based on

this surface charge conversion.

Biomolecules conjugated to colloidal titania particles exhibit combined properties of
the biological functions of bound biomolecules and the photocatalytic properties of titania.
Two applications related to biomolecules conjugated photocatalytic TiO, were studied in
this work. One is the selective binding and killing of bacteria by using antibody coated
photocatalytic TiO; under UV irradiation. The antibody-TiO, was prepared by coupling
biotinylated TiO, particles to biotinylated Escherichia coli (E. coli) antibody with
streptavidin. In a medium containing antibody-TiO, particles, E. coli, and Pseudomonas
putida (P. putida), when UV irradiation is applied, the selective binding and killing of E.
coli was confirmed by electrophoretic mobility measurement, turbidity tests, optical
microscopy, scanning electron microscopy (SEM), confocal microscopy, and plate
counting. The other application is the immobilization of TiO; particles on cellulose fibers
with a homogeneous distribution through multi-linker bioconjugation of CBM2a-Strep-
tag II/streptavidin/biotinylated TiO,. The immobilized TiO, efficiently decolorizes UV
sensitive dye within about 10 hours, demonstrating the efficiency of photocatalysis of the

resulting TiO,-containing paper.

v



ACKNOWLEDGEMENTS

First of all, I would like to express my greatest gratitude to my supervisors, Dr. Robert
Pelton and Dr. Michael Brook. I am very lucky to have two supervisors and belong to
two research groups. I appreciate very much the freedom Dr. Pelton and Dr. Brook gave
me to do research within this thesis, which has given me opportunities to freely gain
knowledge in several disciplines. I am very grateful for Dr. Pelton and Dr. Brook’s
constant encouragement, numerous and priceless guidance, helpful scientific suggestions
in all the time of research and writing of this thesis. In addition, I want to express my
appreciation to Dr. Brook and Dr. Pelton for giving me a of lot help in many aspects of

my life.

I would like to acknowledge the members of my Ph.D. committee, Dr. Carlos Filipe
and Dr. John Brennan, for their valuable discussion and advice, good ideas, and
consistent encouragement through my whole Ph.D. research work. I am also grateful to
Dr. Steve Koprich for his help with scanning electron microscopy, to Dr. Laura
Harrington for her help with nuclear magnetic resonance, to Ms. Marcia West and Mr.
Marnie Timleck for their help with transmission electron microscopy and confocal laser
scanning microscopy, and to Mr. Frank Gibbs for his help with thermogravimetric
analysis. Furthermore, Dr. Haifeng Wang and Dr. Luba Brovko in University of Guelph
are thanked for their help with P. putida and related support in the biological

manipulation of the organism; Dr. Michael D. McLean in University of Guelph is thanked



for his valuable discussions and suggestions with regard to biochemistry technology in
my research; Dr. Mojgan Kavoosi and Dr. Charles A. Haynes in the University of British
Columbia are appreciated for their offering cellulose binding domain; Dr. Hiroo Tanaka

is thanked for his nice discussions and advices regarding TiO, and paper.

I would like to express my deep appreciation to all the colleagues in both Dr. Pelton’s

and Dr. Brook’s research groups for their interesting and numerous discussions, good

advice, and valuable help with both in my academic work and my life in McMaster. 1

would like to thank them for their friendship and wonderful happy time I have spent with

them.

I also would like to acknowledge:

Mr. Doug Keller and Ms. Frances Lima for their kind and generous help.

Dr. Jeffery Zucker for helping me with editing English for some chapters of this thesis.

Domtar for the financial support in funding this research project.

Sentinel: the NSERC Network on Bioactive Paper for giving me many excellent

opportunities to share my work with many professional researchers.

vi



Finally, I am greatly indebted to my family for their love, understanding,
encouragement and support throughout my graduate study. They are firm boosters not
only in my academic career but also in every decision in my life. Particularly, my son,
Jason (Jiasheng) Miao, born on Oct 15 2007, is one of my biggest achievements during

my Ph.D. study period.

REGEBSROE, BREMBNIZERNFFTLR . RENEER EFTRITH
F—rls, §—00, SEMMBNNEFNFESIAITHN. EREFLTHRE
FE, REOLREFRMNEBFEITHET, RUBENERESERELFAIL.
REBEE, BREZL, REAFERMNREIERSL, FHEREBEERE 7MAKX
RJLF, HiEREOEME. RIE, HARREE, FARELIEMBRE
FIRISKR, {EO8 T ABURBHIZNL, Mtk mrEIREE KRS, Ri—EEHRERE
DXREEHCHIE. MARFERICEER, WRERMAFF, BATHEEBIT.
BBERG TR, HR, URBROKRXUKIARERE, RAIERFREN
64y B, EREBMZM. BHMITRKHE, BB ERENELE
Mo Sk —IH RN R .

HREXBERBENRBEOLR, HEH. - ERRRBERENIFENREE
KNG BIERDT EARESMAER, KRAZFRMOMDAK. RIFFEREHML

vii



FERINBAVIFERN BB FTEHRS . RERBROILTHESE, B
A 4 A AR TR R T 0 AT LR 4B B SE AR B st K

R ERSH RO A NBE, M —BENRNFUMKEREERZRF. L]
RIAEE, WERLL, dTEERE, E/LFHE—ANAREE— AN EEK
IR BBATE /R, EAEE EXRMEZTFET TRKKNHR, EHRRERKN

TR .

viil



TABLE OF CONTENTS

Chapter 1 INtrOAUCHION .....ccviiveiecieeieeie ettt sr e s s saeeraeessessaesaesbeesnesseesaesnnenns 1
Ll T cnnmermmmiviiminsienmessemmmm oo e e s s e s s s o s eses 2
1.1.1. Colloidal properties of TiOs particles .. cuwmnunssnsssmmsms s 4
1.1.2.  Photocatalytic properties of TiOa......cccccevuerueruerienieriirienieceeeeeeeeeeeeeenenees 8
1.1.2.1. Photocatalytic mechanism of TiO3 ......cccceeevveeeieeeciieereeceeee e 8
1.1.2.2; Decomposing organic COmMpOUNdS..........ceeevereeruereeneerveseesneseensennes 11
1.1.2.3. Bacterieidal effeph ...convummsmmmmmimmmmsesasemmmsesisss 12
1y [k T R - 71~ N S —— 14
1.1.2.3.2.  Mechanisms of killing bacteria by photocatalytic TiO;................ 16
1.2  Biotin, streptavidinlavidin. .ssmnmiansmsasmasas stz 17
1.3 Carbohydrate-binding module family 2a.........cccoceeveeieierieiieniinieniesceseseeeene 21
1.4 Objectives of the PIOJECLS ....cceveeieieriineiiinieieceee et 23
1.4.1.  The preparation of bioactive TiO; colloidal particles:...........ccocvvvrerreerennens 23
1.4.2. The characterization of surface modified TiOg...oeeeeieeevoeeeeeeeeeeeeeirieeeenn. 23
1.4.3.  The applications of bioactive TiO2 ......cceevveieieveerrerieiececreeece e 24
I - F T U O 24
Chapter 2 Biotinylation of TiO, Nanoparticles and Their Conjugation with Streptavidin
.................................................................................................... 34
2.1 IE 0N, o s msiss smvighaanresssissiissgsssbhsbinsasensiasbstsRakssnssissbssrsassnss 34
2.8  Bouulls o) DIBSORMSEIOR oo o s s o s smass 37
2.2.1.  Preparation and Characterization of Biotin modified TiO, particles......... 37
2.22.  Accessability of Amino Groups on TiO, particles to Biotin and then to
a1 e e U VN 41
2.2.3. Quantitative Determination of active biotin on TiO; particles................... 42
2.2.4. Conjugation of streptavidin to biotinylated TiOs........cccccvevvevverreveerreriennene. 43
2.3 Experimients] SeCHON. s s masmsms 44
2.3.1. CREMICALS.....coiiiiieeeiieieieiet sttt sttt nen 44
232 MEASUTEIMENLS .......oeuviiiriieiieiieieiei ettt a e sb e sa e b see e 45

ix



2.33. Sample Preparation ...........ccccceecverveesreereeseeneereesererenssseseseesseessesresssessesanes 48

2.4 CONCIUSIONS ...vvveieeeiiiceriieisteeitieeesssreesreeesssseessreessssessssssssssesssssaserssessssesssssessssases 51
2.5 RETEIEICE ...eeveiieeeeeeeeee ettt creraee et e e e saseeeesessaseeseanaaessssssasassnnasanns 63
Chapter 2 - AppendixX 1 oottt i r e et e et 66

2.A.1.1 Calculation of the densities of amino groups on TiO, surfaces with different
aminosilanization time, data were obtained by conductometric titration ............... 70
2.A.1.2 Calculation of the densities of amino groups on TiO, surfaces with different
aminosilanization time, data were obtained by polyelectrolyte titration ............... 71
2.A.1.3 Calculation of the densities of active biotin on TiO; surfaces with different
aminosilanization time, data were obtained by Green’s method ...........c............ 73
2.A.1.4 Calculation of the equivalent spherical diameter of the TiO; particles based on
the specific surface area data ..ot 74

2.A.1.5 Calculation of the density of amino groups based on the thickness of the gel

coating on TiO, surfaces obtained by TEM observation based on........................ 75
Chapter 2 - Appendix 2 The Synthesis of Biotinyltriethoxysilane.............ccoceevervrveennene 77
Chapter 3 Photo-flocculation of TiO; Microgel Mixed Suspensions.............ccccecvievunee. 88

3.1 INITOAUCHON....c..eruieietiiereeeeeeetetesresasste e st st et snessasaossessessassessassessessnesesatenssnns 88

3.2 Results and DiSCUSSION .......ceeuerueririiiiiereerieneenteerirs st seeeeeeestesessresneseseseneesenne 89

33 EXPErimENntal .......ccccvieuieriiiiieniieeieccresieestesieesssneessessseessassssasanassesesessneessnennns 92

3.4 RETETENCES....ccoviiitiiieececreese et ettt e e sr e sae s e st se e see e nis 98
Chapter 4 Selective flocculation and killing of Escherichia coli with antibody coated
PhOtOCALALYIC TiO7 ...uviceereieeireieeteereree et cte e e st e r e s e et e sae s e saessasaesbassasanasesseenessesssanes 100

4.1 INEEOAUCHION ... cueeeeiiereteetee ettt sttt s see e s et r b b e b esasaes 100

4.2 Experimental SECHION ........eeovrriieeiereeieriencierterseeeaessaeessesesnesssesasessseesseesasans 104

421 MBALETIALS ...couviiriiieieiie ettt sttt eb e s b s ee e sre s 104
422 EXPEIIMENLS ...cccvveiiieeieeciiiceiteciecceeetresre e ereeeteeereeessessraseraessseesssessnaseseanas 105
4.2.3 MEASUTEMENLS ......couiireiiieieiieerttee ettt s s er e sanesne s 111
4.3 RESUIES..cciiiereeercrtrie et te st a et st ese b s s se e e saneneeane 112
4.4 DISCUSSION....cceerteiruirririrreesereeetesraessessesessnssenesesssssasesseseessssessenesssssestesesseneenes 121



4.5 (00074163 113 10 1 1 T U 129

4.6 REfEIONCES.....eiiiiiiiiiiiieteeeet ettt sr s 148
4.7 APPENAIX...iiiriiiiiiiriiiiirienieseesesstesn e e e e sae s e s sae st e s e s an e e s e s e e snaesre s aesresnaesnees 152
Chapter 5 Immobilization of TiO, nanoparticles onto cellulose fibers through
DR OR BERCI . cinnmsssimmsnnmnnntnsmmssnnsiioss s sssmasss RN TN RS RS S5SNI AR AR 154
5.1 INErOAUCTION ...ttt et e e e e et eesane e enaeeeans 154
5.2 EXperiieontal BEEIIOT .. ccunmss susmamsmssmmmsionsssmmnasesiammbbstsie it vidin i 157
e 8T S S S 157
5.2.2.  The expression and purification of histidine-CBM2a-Strep-tag II........... 158
5.2.3.  Preparation of aminosilanized TiO, and biotinylated TiO, nanoparticles.....
.................................................................................................................. 159
5.2.4. Immobilization of TiO2 ONtO PAPET.....cccueruirruerrieriieiereerieeeeriee e 160
5.2.5.  Photodegradation of RB5 by TiO-containing paper............ccceeveevevenne 162
5.2.6. IV S TRINTRNNENR cm im0 5 A s RS AR S ST AR R 162
8.3 RESUILS ..ottt ettt 164
5.3.1.  Preparation of the Paper-CBD-Linker-TiO; Particles .........cccceceeeruenenee. 164
5.3.2.  Binding the Particles to Paper.........cccccevuervieeeeneriieneeeseeeeiesieeee e 166
3.3.3. 5T T T S 169
54 DISCUSSION ..oueeviriieiririeienteseetestestessessesseesesaesaesaessessessessessassessessessessseneesesseenees 170
5.4.1.  Factors affecting the attachment of TiO; particles to paper..................... 171
54.2. PROTOGCHIVILY .ouveiriiieiiciteeie ettt sre e sae s ae s aesaeeae s saeesnaes 173
D8 CONCIUSIONE ..cocmmnmmsimomsmmsissnsysnmssusonswsssssosssosnssoss somssin ssuseissassassssaossamspmsssenysn 175
5.6 REfEIENCES......oiiuiiiiiieieceeeeee et 19
Appendix Calculation of the Densities of CBM2a-strep tag Il and Streptavidin on
e 1L I SO U OE-S— 196
Chapter 6 Summary and ContribUtionsS...........ccuecverierierienieniieeeeeeeieeeeeseeeeseeseeeeseeens 198
6.1 Surface modification of TiO, with silane coupling agent and biotin derivative
............................................................................................ 198
6.2 The impact of UV irradiation on aminosilanized TiOj........cccccevveeveevveeeneennen. 199

Xi



6.3

6.4

6.5
6.6

Selective binding and disinfection with using E. coli antibody conjugated TiO»

............

Immobilization of TiO; on cellulose fibers through bioconjugation

Contributions to the literature

Reference

................................................................................

...............

................................................................................

Xii



Figure 2A2-1 (a) The "H-NMR spectra of biotinyltriethoxysilane in CDCl; with 1%TMS;

(b) The *C-NMR spectra of biotinyltriethoxysilane in CDCl; with 1%TMS................... 79
Figure 2A2-2 ?Si-NMR spectrum of biotinyltriethoxysilane in CDCls.........ccccecvrunnnee. 81
Figure 2A2-3 FT-IR spectrum of the biotinyltriethoxysilane in solid state...................... 81
Figure 2A2-4 The electrospray of biotinyltriethoxysilane with low resolution................ 83
Figure 2A2-5 The electrospray of biotinyltriethoxysilane with high resolution............... 85

Figure 3-1 Electrophoretic mobility and particle size of titania treated w1th amino silane
as a function of UV irradiation time. .........ccceeveeeeverienienienieneseneeeeeeee s e 96

\

Figure 3-2 Photograph of mixed suspension of TiO; -NH; and PVAm r\picrogel before
and after UV irradiation..........o.oiueniiiiii e e 97

Figure 4-1 The preparation of streptavidin-coated TiO; and EA TiO;.....c.ccovvevveevuennnnen. 132

Figure 4-2 Size and size distribution of untreated, biotinylated, streptavidin-coated and
EA TiO; colloidal particles in PBS buffer at pH 7.0 .......ccoeveieneneinineienccccee 136

Figure 4-3 (a) A SEM image of EA TiO,; (b) a confocal image of EA TiO, in PBS
buffer at pH 7.0; (c) a SEM image of streptavidin-coated TiO,; (d) a confocal image of
streptavidin-coated TiO; in PBS buffer at pH 7.0; (e) a SEM image of untreated Ti0O,.137

Figure 4-4 (a) A SEM image of GFP E. coli; (b) a confocal microscopy image of GFP E.
coli under the green wavelength excitement; (c) a SEM image of P. putida .................. 138

Figure 4-5 (a-b) The confocal microscope images of the mixture of GFP E. coli and EA
TiO; (fluorescent labeled with atto-610) and (c) a SEM image of the same mixture......139

Figure 4-6 (a) A confocal microscope image of the control-2: the mixture of GFP E. coli
and streptavidin-coated TiO, (fluorescent labeled with atto-610); (b) a SEM image of the
control-1 or control-2: the mixture of GFP E. coli and control TiO,; (¢) a SEM image of
the control-3: the mixture of P. putida and EA TiO,; (d) a SEM image of the control-4 or
control-5: the mixture of P. pufida and control TiOs....ewsamumssemssmsesssensevssnssassasanss 140

Figure 4-7 EA TiO; particles were mixed with E. coli bacterial at the ratio in excess of
~200 by shaking in dark for 1h and then the mixture was maintained quiescent for 2h to
allow completely precipitation, after that, (a) the sediment was observed by SEM, and (b)
the supernatant liquid was observed by optical microscopy; Control TiO, particles
(untreated or streptavidin-coated) were mixed with E. coli bacterial under the same
experimental conditions: (c) the sediment was observed by SEM, and (d) the supernatant
liquid was observed by optical MICTOSCOPY; ...vevrverueruerirerieiererieieresseseesesseseseeseseesessens 141

X1V



Figure 4-8 The mixture of EA TiO; and E. coli and the mixture of control TiO;
(untreated TiO; or streptavidin-coated TiO,) and E. coli were both mixed for 1 h and then
maintained quiescent for 2 hin dark.........coooeeiieiiiniiiininn 142

Figure 4-9 The calibration curves showing the relationship between the concentrations
of bacteria in PBS buffer and the corresponding optical density values are obtained by
measuring the absorbance of solution at 600nm wavelength. (a) for E. coli bacteria ; (b)
fOr " DT DRBIEHIR ... oonmatassnssssssmsonsnsnsusinssissnsansmmssnionmescosisshamemiss A R A PRI S GE5 143

Figure 4-10 Bacterial survival (log (viable bacteria concentration/CFU mL™)) changing
with different number ratio of TiO; particles to E. coli cells, after 1h of 365nm irradiation
at an intensity of 5.8 W/m? without agitation of solution; the red line representing E. coli
survival with EA TiO,; the blue line representing E. coli survival with streptavidin-coated
TiO,; the green dashed line representing P. putida survival with EA TiO,; and the pink
dashed line representing P. putida survival with streptavidin-coated TiO,. The bacterial
survival is represented by cell density (colony forming units per milliliter). .................. 144

Figure 4-11 The change of log (viable bacteria concentration/CFU mL™") with EA TiO,
and with the control TiO; against different Reynolds numbers of the agitated mixtures.

Figure 4-12 The change of log (viable bacteria concentration/CFU mL™") against
different time of exposure to 365nm UV irradiation at an intensity of 5.8 W/m” in the
absence of TiO; (the columns labeled by “no Ti0O,”), or in the presence of untreated TiO,
(the columns labeled by “untreated TiO,”); or in the presence of streptavidin-coated TiO,
(the columns labeled by “streptavidin-TiO,”); or in the presence of EA TiO, (the columns
labeled by “EA TiO,”). Data are obtained with the number ratio of TiO; particles to E.

coli bacteria at ~26 and without agitation of SOIULION. ......cc.coveevuiriinieniieniiiiiiiiniciiis 147
Figure 4A1 Photodisinfection experiments illustration..............cocveiuiiiineinenn... 153
Figure 5-1 The amino acid sequence of His-CBM?2a-Strep-tag Il fusion protein........... 178

Figure 5-2 Immobilization of P 25 TiO, nanoparticles onto paper by the bioconjugation
of fiber- CBM2a-Strep-tag Il - streptavidin - biotinylated TiO, nanoparticles ............... 179

Figure 5-3 SDS-Page analysis; Lane 1: molecular weight markers; Lane 2: His-CBM2a-
Strep-tag 11 protein after the purification through the HisTrap FF column..................... 180

Figure 5-4 SEM images of (A) the paper treated with CBM2a-Strep-tag 11, streptavidin
and biotinylated TiO, nanoparticles; (B) the paper treated with streptavidin and
biotinylated TiO, nanoparticles (the control-1 paper); (C) the paper treated with CBM2a-
Strep-tag 11, streptavidin and untreated TiO, nanoparticles (the control-2 paper); (D) the
paper treated with CBM2a-Strep-tag 11, streptavidin and aminosilanized TiO;
nauOparticles (The COMITOl-3 PRDEEY tussimssbsmmnsessmssomsnissmskesmsssonsis s s s S eE 182

XV



Figure 5-5 SEM image of paper treated with CBM2a-Strep-tag I, streptavidin and
biotinylated TiO, nanoparticles; circled areas in which particles were found or absent
were demonstrated by EDS.......cocoiiiiiiiiiniecrentece e nrrese st et seseeesesssesnesns 183

Figure 5-6 TGA results of TiO,-containing paper prepared by the bioconjugation method
and the control papers (control-1,2 and 3) ......cccceeeeverereirerereererernneneeeseeeeeseensenessenaenees 185

Figure 5-7 Absorbance of RBS solutions containing control-1, 2, and 3 papers and the
TiO,-containing paper without UV irradiation for 24 hours. The original concentration of
RBS SOIULION IS 23 PPIN. ..eouvruierieeirineniirieerereete e eteese e sanssesae e sesae e seessesesesssesassensesasens 186

Figure 5-8 Photodegradation of RB5 with the TiO,-containing paper and with the
control paper (control-3) in 1.7mL RBS solution at a concentration of 23ppm, under
365nm UV irradiation with an intensity of 23W/m? for 12 hours .........c.ceevveevveeerrvennnn. 187

Figure 5-9 TEM image of RBS supernatant solution, after 12 hours of UV-TiO,-paper
irradiation (3650M, 23 W/ .......oocueeeeeeeeseessiesseseseesssseeseesessesasessesesssssssssssssssseasssenns 188

Figure 5-10 Optical microscope image of RBS supernatant solution, after 12 hours of
UV-TiO;-paper irradiation (365011, 23W/IM)........overeerieeeeeeeiesssesseessseesssesssesssssssassens 189

Figure 5-11 SEM image of the TiO,-containing paper after irradiation for 12 hours
(365nm, 23W/m?) in RB5 solution (1.7mL, 23PPM) .ecinriieeerieeeereneneeerireneeesrerneeeseees 190

XVi



LIST OF TABLES

Table 1-1 Some physical constants of rutile, anatase and brookite ...........cccoceiiiinnnne 3

Table 1-2 The isoelectric point values of some commercial rutile and anatase crystalline

MEASUTEd DY FUIIONE.....cooeiiiieiieeteeeeee ettt sb e st ae s s 7
Table 1-3 Some physical parameters of Degussa P25 TiOa......ccceevevrervenvenvrnnencninciinennen 8
Table 1-4 Reactions of UV-irradiated TiO2 1N WALET ......covvrviieeiireiierirreeeeenreeeeeinerreeeeennns 9
Table 1-5 Some photodisinfection experiments on E. €Ol .......c.coccvcereeeevivcrenvennuencnnenne 13
Table 1-6 Some properties 0f DIOUN........ccciiieiereeiereeririeeesesese ettt eseseeesens 18
Table 1-7 Properties of avidin and streptavidin ........cc.cecceerveevinennenienenniinencniinieninn, 19
Table 1-8 Amino acid composite No. of residues/subunit of avidin and streptavidin.....20

Table 2-1 XPS, charge titration results and SSA of the untreated, aminosilanized and

biotin MOAIfIEd TiOn ...cccerviecrerieieerrircteieert ettt 53
Table 2A2-1 Each peak with the corresponding chemical shift and integral area of the

TH-NMR SPECIIA....cccviieiciieieiieeeieeceteeeste e e rtresereessrbeesseaeeensaessneassssaasassasssssesssnesssssessnns 80
Table 2A2-2 Each peak with the corresponding proposed fraction and formula.............. 83
Table 2A2-3 Each peak with the corresponding proposed fraction and formula............. 86
Table 3-1 Properties of untreated, aminosilanized P25 TiO, and aminosilanized P25 TiO,
after 5 min UV illumination.......cc.oeeceriinieninnienenicncnrntceenieneseeeseseesseseeessessessensesasenens 95
Table 4-1 The materials used in the binding eXperiments ..........ccceveevevervecercriereneereenens 133
Table 4-2 Recipes of photodisinfection eXperiments............c.oeveeeeveeverreveesieriesennseenne 134

Table 4-3 Electrophoretic mobility tests for P. putida LV 2-4, E. coli K12 DH5a, EA
TiO,, untreated TiO,, and streptavidin-coated TiO, nanoparticles in PBS buffer (140mM,
PH 7) oottt ee e es e se st s s ene s os et s s s st se s e esererer e 135

Table 4-4 Bacterial survival (CFU/mL) in the absence of TiO, and in the presence of
different TiO; in the dark without agitation of solution for 0, 1 and 2 hours................... 146

XVii



Table 5-1 The materials applied in the immobilization of TiO, onto paper experiment and
control-1, coONtrol-2 and CONMIIOL-3.......oocuriieeerreeeieeeeeeeeeereeeeeesvteeesssrreeesssesressarsreseesnnns 181

Table 5-2 EDS test result of the particle area and non-particle area on the paper shown in
FIGUIE 5-5 ..ttt et et ae e b e e e se e e st e b eae st e s e sbessasaerassaeneesseneassasnan 184

Xviii



LIST OF SCHEMES

Scheme 2-1 Silanization Reaction of TiO; with APTS ..., 62
Scheme 2-2 Biotinylation Reaction of Amino-TiO; with Biotin-NHS...........cccccecereenee. 62
Scheme 2A2-1 The Synthesis of Biotinyltriethoxysilane............ccccecvienrcnniincniniinnnnnn 78

Scheme 4-1 (a) Silanization Reaction of TiO, with APTS; (b) Biotinylation Reaction of
Amino-TiO; with Biotin-NHS .......ccooiriiiiiicereecre et 131

Scheme 5-1 (a) Silanization reaction of TiO, with APTS; (b) Biotinylation reaction of
Amino-TiO; with Biotin-NHS ..ot eeer et e et eesreens 177

Xix



PhD Thesis — Lu Ye McMaster — Chemical Engineering

Chapter 1 Introduction

“Smart” materials have been attracting much attention because they can perform
special tasks. Smart materials are normally those that can be stimulated to perform a
certain task. For instance, smart polymers such as poly(N-isopropylacrylamide)
(pNIPAM) can respond to various stimuli from the environment; hence smart materials
can be used as advanced drug delivery materials, meeting certain special requirements,
such as targeted controlled delivery."? Photocatalytic TiO, has been extensively studied
and used to oxidize organic pollutants and pathogens. However, “smart” TiO, is a new
concept. Our group has been interested in the exploiting these photocatalytic properties
in a ‘smart’ way, for example, by selectively killing bacteria.

This thesis describes the preparation of biomolecule-conjugated TiO, colloidal

particles and their applications, including biotin-TiO,, streptavidin-TiO, and antibody-
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TiO,. In each case, the surface biomolecules provided a recognition function causing
specific interaction with a target. This work required various research fields, involving
chemical surface modification of colloidal TiO, particles, photocatalytic chemistry with
TiO,, microbiology, cellulose fibers and bio-conjugation. For this reason, this section
will provide a variety of different introductions to: TiO, particles (including crystalline
structure, colloidal properties and photocatalytic activity); bacteria; the interaction
between bacteria and photo-irradiated TiO, particles; and key biomolecules (including
biotin, avidin / streptavidin, and carbohydrate-binding modules) that were involved in this
thesis. The methods of surface modification of TiO, colloidal particles and conventional
preparation of biomolecules derivatized TiO, are reviewed in Chapter 1, and therefore,

not included in this introduction.

1.1 TiO;

TiO, exists naturally in three crystalline forms: rutile, anatase and brookite. Some
physical constants of TiO, are summarized in Table 1-1 and the three crystalline forms
are shown in Figure 1-1.> Rutile and anatase, have not only been extensively used to
improve opacity and whiteness in papermaking, paints and coatings, cosmetic, plastic and
ceramics products because of their high refractive indices,* but also played a significant
role in photo-assisted degradation of organic compounds, and in killing pathogens in air
and water due to their photocatalytic properties.’” Some studies in comparing the photo-
activities of commercial anatase and rutile show that the photooxidation activity of

anatase is much higher than that of rutile.*” The reason probably lies in the difference in
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extent and nature of the hydroxyl groups (-OH) on TiO, surface of the TiO, structure.®

Brookite, although it also displays photo-activity and a high refractive index, however,

has been rarely used in these ways. The reason probably lies in the difficulty of its

preparation.® '*'?
Crystal structure Rutile Anatase Brookite
system Tetragonal tetragonal Rhombohedral
Density (kg/m?) 4240 3830 4170
Refractive index 2.947 2.569 2.809
Band gap (eV) 3.0 3.2 -
a 0.458 0.373 0.544
Lattice
constants b - - 0.917
(nm)
c 0.295 0.937 0.514
The main application White pigment photocatalyst -

Table 1-1 Some physical constants of rutile, anatase and brookite
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[001]

o

Figure 1-1 Crystalline structure of rutile and anatase — graphic taken from Surface Science Reports 2003,

48, (5-8), 53-229°

1.1.1. Colloidal properties of TiO; particles

The colloidal properties of TiO, particles are affected by a variety of factors, including
the surface structure of TiO; crystals, surface modification, size and size distribution, the
sample preparation and processing, and local environmental conditions such as pH
values' and ionic strength.'*

On the TiO, surface, amphoteric titanol groups (TiOH) participate in acid-base

equilibria, shown in Figure 1-2, to give different surface charges at different pH
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1317 Many studies have shown that the isoelectric point (point of zero zeta

values.
potential) of TiO, samples varies in the range 2.3-8.0, strongly depending on the
preparation and processing including the annealing history and aging time.'3?? Table 1-2

shows the isoelectric points of some commercial rutile and anatase samples prepared and

pretreated by various methods.”'

TiOH, <%= TiOH + H* Eq. (1)
TiOH <%= TiO™+ H* Eq. (2)

Figure 1-2 Acid-base equilibria of amphoteric titanol groupsl 3

The hydroxyl groups (-OH) on TiO, surfaces, originating from contact with moisture
in air, are the reactive groups in surface reactions. The density of hydroxyl groups on the
surface of TiO; has been found to be correlated with its photo-activity.17 In Mueller’s
report, the densities of hydroxyl groups on TiO, particles have been calculated, by
thermogravimetric analysis, to be in the range 4.8~6.1 nm>.%

Size and size distribution also influence the colloidal behavior of TiO, particles in
aqueous solutions, particularly for nano-sized TiO, particles.”> Due to the van der waals
force, these nano-sized TiO; particles have a tendency to aggregate and even agglomerate

spontaneously in water.?% 2%
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Pretreatment pH at iep
Sample used shortly after preparation 4.8
After 12 successive soxhlet wash/ heat in air at 50
450°C treatments
After acid leaching/ soxhlet wash treatment 5.0
Aged in air 6 months 5.5
Rutile A Aged in air for a further 6 months 55
After acid leaching/soxhlet wash treatment 5.5
Heated in air t 850 °C for 24 hr 4.8
Aged in air 6 months 4.8
Dispersion aged for 1 month 3.7
Dispersion aged for a further 3 months 3.4
Sample used as received from manufacturer 4.2
After soxhlet washing 4.3
After acid leaching/ soxhlet wash treatment 4.8
Rutile C
Aged in air 6 months 43
After acid leaching/soxhlet wash treatment 4.8
Dispersion aged for 4 months 34
Sample used shortly after preparation 5.9
Anatase 1 Aged in air 6 months 4.5
(0.3% rutile) After soxhlet washing 5.0
After acid leaching/soxhlet washing 6.0
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continued
Pretreatment pH at iep
Anatase 2
) After heating in air 850 °C for 5 min 5.7
(4.8% rutile)
After heating in air 850 °C for 10 min 4.5
Aged in air 6 months 4.0
Anatase 3
) Aged in air for a further 4 months 34
(5.0% rutile)
After soxhlet washing 4.8
After acid leaching/ soxhlet washing 5.8
Anatase 4 After heating in air 850 °C for 15 min 4.6
(7.0% rutile) Aged in air 6 months 2.7
After heating in air 850 °C for 16 hr 4.6
Anatase 5 Aged in air 6 months 3.6
(83.2% rutile) Aged in air for a further 6 months 3.5
After acid leaching/ soxhlet washing 4.3

Table 1-2 The isoelectric point values of some commercial rutile and anatase crystalline

measured by Furlong®'

Degussa P25 TiO,, a commonly studied commercial photocatalytic TiO,, is produced
by the hydrolysis of TiCly in a hot flame (Degussa Chemical Company, Germany). In the
work reported in this thesis, P25 TiO, has also been used. The composition and some

important physical parameters of P25 TiO, are summarized in Table 1-3.% 1526
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composition anatase (80%) + rutile (20%)
Particle size 30nm primary particles
specific surface area 55+ 15 m%/g
pKal 4.5
pKa
pKa 8
(point of zero charge) pzc 6.2
theoretical maximum surface density
(/nm®) of hydroxyl groups (-OH) groups, 5.5
calculated from the crystalline structure®®

Table 1-3 Some physical parameters of Degussa P25 Tio*

1.1.2. Photocatalytic properties of TiO;

There is a large body of literature, including numerous reviews,> > & & 15 16 2129
describing the photocatalytic chemistry of TiO,. Most of this literature focuses on three
aspects: (1) exploring photocatalytic mechanisms; (2) improving the efficiency of the

photoactivity of TiO,; and (3) photodegradation of organic compounds and

photodisinfection of microorganisms and cells.

1.1.2.1. Photocatalytic mechanism of TiO,

Upon irradiation with the energy of light greater than or equal to its band gap energy
(~3.2 eV for anatase, ~3.0 eV for rutile),30 TiO, can be electronically excited so as to
generate a variety of reactive oxygen species (ROS) such as hydroxyl radicals, superoxide

ions and/or hydrogen peroxide.*'>3' These ROS are extremely aggressive in oxidizing
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organic substances (into CO, and H,O ultimately) and in killing biological entities. The

reactions on the surfaces of UV-irradiated TiO; in water are shown in Table 1-4.10

TiO,+hve h' +e” Eq. (3)
h*+H,0—> H" +eOH Eq.(4)
h* +OH™ — eOH Eq. (5)
e +0,>0; Eq. (6)
O, +H" — HO, Eq. (7)
e OH +OH — H,0, Eq. (8)
¢ +H,0, — «OH + OH" fx(:;.(g) photo-Fenton
H,0, + Fe** - HO" +OH ™ + Fe™* Eq. (10) Fenton rxn.

Table 1-4 Reactions of UV-irradiated TiO, in water'®

Light adsorption is the first step. It is found that light with wavelength above ~380nm
leads to a sharp decrease in photocatalytic activity of anatase. Blake et al. have
summarized the effects of light sources on TiO, catalyzed reactions.’® TiO, without light
has no obvious photo-activity. Though light sources with a wavelength of <300nm can
kill bacteria directly,* the effect of light plus TiO, is greater than that of light alone.
Typically, UV light sources can be classified according to their wavelength into UVA
(380-315nm), UVB (315-280nm) and UVC (<280nm). In the photo-excited TiO,

experiments, it appears that the light with the wavelength of 365nm has mostly been used
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because it matches the band gap of anatase well. In Nosaka’s report, the penetration
depth of absorbed light into TiO, was estimated to be 25 nm.*?

When light with energy greater than the band gap of TiO; reaches TiO, surfaces,
electro-hole pairs are photogenerated: electrons (¢") in the conduction band and holes (h")
in the valence band. The electrons and holes are then separated by traps on the TiO;. The
holes include interior holes that cannot facilitate reactions, and the ones trapped on the
surface, which catalyze the following photocatalysis reaction.®* The separated electrons
and holes induce chemical reactions of the substances adsorbed on the surfaces of TiO,.
The recombination of electrons and holes is in direct competition with the process of
trapping which favors the photocatalyzed reaction.®

The generation of hydroxyl radicals from the reactions of holes with water (Table 1-4,
Eq. (4)), and of adsorption of hydroxide anions on the surface of TiO, (Table 1-4, Eq. (5))
is the most significant step in the entire photocatalytic process for killing pathogens and

6.16. 35 The efficiency of the production of hydroxyl

oxidizing organic compounds.
radicals has been found to be sensitive to the presence of oxygen and H,0,, but not
sensitive to TiO, concentration or light flux.>>*" The factors affecting the efficiency of
photocatalytic activity of TiO, have been extensively studied. These factors, including
crystalline structure,”>® size and size distribution,” surface area,” porosity, the density
of surface hydroxyl groups, chemisorption on TiO, surfaces,”’ and doping TiO, with
foreign ions,® influence the generation process of electron-hole pairs, the recombination

of electrons and holes, the chemical reaction, and the adsorption and desorption of target

substances. The high efficiency of P25 photocatalytic activity is probably due to the

10
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unique composition of P25 TiO,, which promotes electron-hole pair separation and
inhibits recombination.® Although there is abundant literature on the photochemistry of
TiO,, the answers to some of the fundamental problems, such as the length of the
lifetimes of ROS, the distance they can travel in different media, and how these ROS
exert their actions in the photooxidation process, are still unknown or present data with
contradictory evidence. In the entire photocatalytic process, the lifetimes of ROS'>?" and
their effective diffusion lengths are the key to decomposing organic compounds and
microbiological entities. Kawahara and Tatsuma’s experimental results suggest that ROS

10.41 However, Kikuchi points out

can diffuse as far as 50-70 um through the vapor phase.
that 50 um is too far for hydroxyl radicals to travel, and he concluded that for long-range
bactericidal effects, the active disinfection agents was H,O,, generated by the coupling of

hydroxyl radicals.*’ In summary, further evidence of how these ROS exactly contribute

to the photocatalytic process is needed.

1.1.2.2. Decomposing organic compounds

The photocatalytic chemistry of TiO, in decomposing organic materials has attracted
much interest since the first report of photocatalytic splitting of water on TiO, electrodes
by Fujishima and Honda in 1972.3' The ROS excited from photo-irradiated TiO, are
extremely reactive, being able to convert all organic compounds to CO, and H,O, as long
as the target is exposed to photo-irradiated TiO, for enough time. Because TiO; has this
huge potential application for total degradation of organic compounds and displays

environmental-friendly characteristics, it has become one of the most active research

11
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areas in heterogeneous photocatalysis. To date, numerous organic compounds have been
reported to be decomposed by photo-irradiated TiO,. In Hoffmann’s review, many
examples of chlorinated aromatics, chlorinated aliphatic and olefinic compounds,
nitrogen compounds, hydrocarbons, carboxylic acids, alcohols, halocarbons, and
heteroatom compounds were reported to be degraded by UV-TiO, system.15 In all these
articles, the adsorption of target to TiO, surfaces was reported to be a significant factor in
affecting the efficiency of photodegradation. The apparent adsorption constants K and
the apparent photodegradation rate constants k vary drastically, according to the
experimental conditions.”® Turchi and Ollis have studied four different reaction schemes,
and suggest that K is independent of reaction schemes whereas £ is a function of catalyst

properties.*

1.1.2.3. Bactericidal effect

Removing or killing pathogens is important to humans, particularly in special
circumstances such as hospital areas where biological contamination must be prevented.
The most widely used traditional methods of disinfecting pathogens include filter (size
exclusion),44 Pasteur sterilization, bleaching, chlorination, ozonation, germicidal lamps,
biocides, and washing with disinfectants.* Various forms of these traditional disinfection
methods are briefly described in Blake’s review.’? TiO,, particularly Degussa P25, has
been reported to be an effective photocatalyst in the Kkilling of a variety of
microorganisms including viruses,* bacteria,*”*® and fungi.* UV-irradiated TiO, shows

a greater effect on killing pathogens than near ultraviolet light; however, the sensitivity of

12
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different pathogens to UV-irradiated TiO, systems varies over a wide range of levels,
depending strongly on the nature of pathogens, the type and loading of TiO,, light
resources, buffer properties, the reactor, the temperature, and other experimental
In Table 1-5, the experimental parameters and results of some

conditions. >

photodisinfection experiments on E. coli with photo-irradiated TiO, are given.

Pfu or cfu/mL ,[T 10; . Light Source/ reactor Kill Time | Comment and
/ Medium P Output Fraction | (min) | ref
Loading
10*/phosphate | P25/ Xenon 300W, . 50
buffer 0.4g/L 60mE/sec/m’ Optical fiber reactor | 100 120
100% killing
10D water | 22> %1 | Sunlight Petri dishes 100 3o | indarkducto
g/L temperature
rise *!
500W white
\ P25 fluorescent
10°/phosphate (10% PY) 4OQW metal Slurry 30 60 52
buffer 2.5 o/l halide
) 4.6mE/sec/m2
from top
500W high- Rectangular bubble-
P25/ pressure column
10%/saline 0.01-0.5 | mercury lamp/ | (40x40x250mm) 100 4-12 | ¥
g/L 0-60W/m’ solution height 170
externally mm

Table 1-5 Some photodisinfection experiments on E. coli*>
Researchers working on photocatalytic chemistry may not be very familiar with
microbiology, and vice versa. Thus, I believe this thesis will be more accessible for

various audiences to read if a brief introduction to bacteria is given before the description

of the photooxidation of microorganisms by photoactive TiO,.

13
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1.1.2.3.1. Bacteria

Bacteria are microorganisms that are ubiquitous in nature. They exhibit a wide
diversity of sizes (typically 0.5-5 micrometers in length) and morphologies: spherical
(cocci), rod-shaped (bacilli or vibrio), and spiral (spirilla or spirochaetes). Unlike cells of
animals and other eukaryotes, in which the chromosomes are enveloped by a double
membrane, bacterial cells do not contain a nucleus or a nuclear membrane to separate
DNA molecules from the cytoplasm (Figure 1-3a). Microorganisms including bacteria,
viruses, fungi, protozoa and algae all have evolved a variety of defense and repair
mechanisms against various types of environment damages for example, ultraviolet rays
from natural sunlight.”> For instance, a superoxide dismutase, produced in some aerobic
life forms, is responsible for converting O, to HO, and 02.54’ 3 However, the ability of
microorganisms to survive such stresses varies. In the work in this thesis, we only
consider Escherichia coli (E. coli) and Pseudomonas putida (P. putida). Thus, we have
focussed on these two microorganisms in this introduction.

E. coli was discovered by Theodor Escherich, a German paediatrician and
bacteriologist in 1885. E. coli is a Gram-negative bacterium (see below), with a size of
0.5 um in diameter and about 2 pm in length.® Some E. coli strains have flagella, and
others do not. E. coli can be commonly found in the intestine of warm-blood animals, but
are not only confined to the intestine. They also can survive outside the body. Most E.
coli strains are harmless and even beneficial to humans, because they produce vitamin
K259 or/and inhibit the growth of some detrimental bacteria.®® ¢! However, some E. coli

strains such as serotype O157:H7 are very dangerous to humans.® Ingestion by humans

14
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of food contaminated by these strains can cause very serious illness. E. coli is one of the
best-studied prokaryotic bacteria and has been used as a model organism in biological

engineering and industrial microbiology due to the easily-manipulated growth conditions

63-65

and its relatively simple genetics. P putida is also a Gram-negative rod-shaped

bacterium. Living in soil, it can clean up the pollutants in soil®® 57 and even protect some

68

plants from certain plants diseases.”” It can be used in biosafety level 1 laboratories

because it is a relative safe bacterium.
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Figure 1-3 (a) Bacterial structure;® (b): the cell wall of Gram-positive bacteria;’’ (c) the

cell wall of Gram-negative bacteria’’
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The cell walls of bacteria are important in protecting the cells from various
environmental damage.®* " According to whether or not their cell walls can be stained
by the Gram stain, bacteria are divided into two classes, Gram-positive and Gram-
negative. The cell walls of Gram-positive bacteria are 20-80 nm in thickness, composed
of a peptidoglycan polymer (80%), teichoic acids (10-20%), and minor amounts of lipids,
proteins and lipopolysaccharides (Figure 1-3b).”" " The cell walls of Gram-negative
bacteria are composed of a thin peptidoglycan polymer layer (2-6 nm, 10%) and an outer
membrane (6-18nm, 90%) containing lipopolysaccharides, phospholipids, and
lipoproteins (Figure 1-3¢).”

Not only cell walls, but also cell membranes, are important in maintaining the viability
of cells.” The cell membrane is crucial for selective permeability, osmotic equilibrium,
electron-transport and oxidative phosphorylation reactions, and serving as the binding site

d.70’ 75

to which certain enzymes and DNA molecules are anchore Therefore, any

disruption of cell membranes can lead to the death of cells.”®

1.1.2.3.2. Mechanisms of killing bacteria by photocatalytic TiO,

The mechanisms for killing bacteria by photo-irradiated TiO, have been studied since
19852 However, so far only two mechanisms have been proposed that are supported
with direct evidence. In the first, following generation of ROS on the surface of UV-
irradiated TiO,, cell membranes are oxidatively destroyed thereby leading to cell death.
That is, during the photocatalytic process, the unsaturated phospholipid in the cell

membranes is oxidized by ROS, and major rupture of cell membranes was observed by

16
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77 Direct evidence of cell membrane damage was provided by the

electron micrographs.
work of Sunada and his colleagues.”® They detected the presence of endotoxin in the
medium, which is evidence for the destruction of cell membranes, since the endotoxin is
released only when the outer membrane is damaged. The disruption of cell membranes
further leads to the leakage of the cell contents including potassium ions, acidic cellular
components, and even large biomolecules such as proteins and RNA. After the cell
membranes are broken, TiO, particles can enter the cells and mineralize directly on the
essential intracellular components including some toxic compounds.”® Thus, TiO; can be
used as both a bactericidal and a detoxifying agent.

The other mechanism for killing bacteria by photoirradiation of TiO,, for which direct
evidence exists, is its oxidative effect on DNA and RNA molecules. DNA and RNA are
biomolecules that are very important for the viability of cells. They are thus potential
targets for photocatalytic reaction with UV-irradiated TiO,: damage to DNA and RNA
can lead to the death of cells. In Dunford’s work, the plasmid DNA strand was broken
under the attack of the hydroxyl radicals generated from the UV-TiO; system and finally

 Hidaka has also given convincing evidence for the

converted to a linear form.’
breakdown of DNA and RNA backbones, and even demonstrated mineralization reactions

in the experiments of UV-irradiated TiO; killing bacteria.®
1.2 Biotin, streptavidin/avidin

In the work reported in this thesis, the surface of TiO, was modified, first with a silane

coupling agent, and then with a biotin derivative, to give TiO; a biotin coating. Based on

17
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this, other biotinylated biomolecules were attached to TiO, surfaces through the
biological coupling of biotin and streptavidin/avidin to prepare bioactive TiO,. Biotin,
streptavidin/avidin and their conjugation have therefore been involved in the entire work
described in this thesis. Therefore, it is necessary to give an introduction to these two
chemicals.

Biotin, or cis-hexahydro-2-oxo-1H-thieno [3, 4] imidazole-4-pentanoic acid (Figure 1-
4), is one of the water-soluble B vitamins, which can be found in the liver, kidney and
pancreas.®! Some of its physical and chemical properties are shown in Table 1-6. The
absorbance of biotin at 280 nm is minimal, which allows biotinylated proteins to be

monitored by UV absorbance without interference.*

HN NH
H

S

Figure 1-4 the structure of biotin

pH at iep 3.5
Melting point 232-233°C
In water ~0.22 mg/ mL
Solubility at 25°C
In 95% alcohol ~0.8 mg/ mL
pH value of a 0.01% aqueous solution 4.5

Table 1-6 some properties of biotin **

18
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Avidin, existing in chicken egg white and the tissues of birds, is a tetrameric
glycoprotein with four identical subunits. Avidin is soluble in water and solutions are
stable over wide pH and temperature ranges.®® The absorbance of avidin at 282 nm is
reported to be &' *25,=15.5.%2 One avidin molecule can bind up to four biotin molecules or
fragments with a very high binding constant (K=10" M'l).83 This interaction is very
stable, and the products are able to withstand high temperatures (up to 132 °C), extreme
changes in pH values (2-13), organic solvents and even some denaturing agents such as
M guanidine-HCl.sz’ 8

Streptavidin, similar to avidin, is also a biotin-binding protein produced by
Streptomyces avidinii.®*  Streptavidin also can bind up to four biotins with a similar

83, 84

binding constant. Although streptavidin and avidin share similar affinities with

regard to binding to biotin, they are different in many other respects (Table 1-7 and Table

1-8).
avidin streptavidin
Protein glycoprotein not possess any carbohydrate
Molecular weight 69000 for tetramer® 60,000 for tetrameric
Isoelectric point (pI)* ~10 5-6
Size of the tetramer 5.5nmx5.5nmx4.1nm * 5.5nm x 4.5nm ** %
Solubility in water Very soluble Less soluble

Table 1-7 Properties of avidin and streptavidin

19
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Amino acid composite No. of residues/subunit *”
avidin streptavidin
Ala 5 Ala 25
Arg 8 Arg 4
Asn 10 Asn 10
Asp 5 Asp
Cys 2 Cys
Gln 3 Gln
Glu 7 Glu 5
Gly 11 Gly 18
His 1 His 2
lle 7.5 Ile 4
Leu 7 Leu 8
Lys 9 Lys 8
Met 2 Met 0
Phe 7 Phe 2
Pro 2 Pro 4
Ser 9 Ser 14
Thr 20.5 Thr 19
Trp 4 Trp 6
Tyr 1 Tyr 6
Val 7 Val 10

Table 1-8 Amino acid composite No. of residues/subunit of avidin and streptavidin

20
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1.3 Carbohydrate-binding module family 2a

An important part of the work described in this thesis concerns the immobilization of
TiO, nanoparticles on fibers through multi-linker bioconjugation, in which CBM2a
(CBM = carbohydrate-binding module) was involved. CBM2a is not very well known to
many chemists and chemical engineers, who may be among the readers of this thesis. For
this reason, a general introduction to CBM2a is now provided. More details information
on CBM2a is presented in Chapter 5.

Cellulases, the cellulose degrading enzymes, have three domains: a catalytic domain, a
carbohydrate-binding module (CBM), and a highly O-glycosylated linker between the
former two domains. CBMs have been found to be responsible for binding the enzyme to
cellulose surfaces with a high affinity (K, = 10 M™).%°° CBMs are classified into more
than 30 families, the first 14 of which are also known as cellulose binding domains
(CBDs), °' according to their amino acid sequence. CBM2a is the family 2a
carbohydrate-binding module. Enzymes in this family have a B-barrel-type backbone that
contains aromatic amino acids on a relatively flat surface. CBM2a can bind to crystalline
cellulose, including bacterial microcrystalline cellulose (BMCC) and phosphoric acid-
swollen cellulose (PASC). The binding is driven by sorbent and protein dehydration and
is irreversible. Jervis and coworkers, using fluorescence recovery techniques, showed
that CBM2a is mobile on the surface of crystalline cellulose and the interaction between
CBM2a and cellulose is dynamic.

The high affinity between CBM and cellulose has been used in many applications. In

the textile industry, the affinity of detergents to the textile substrate is greatly improved
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by fusing some enzymes to CBMs. Fuglsang and Tsuchiya also found that CBM on its
own, or fused with other enzymes, can remove dental plaque or prevent its formation.
The use of CBMs, particularly when recombined with other biomolecules, can be used as
an affinity tag for expression, recovery, and purification. This use is wide, probably
because cellulose is a relatively cheap support matrix, especially for a large-scale protein
purification process. Many other interesting applications with CBMs, including
bioprocessing, targeting, cell immobilization, protein engineering, diagnostics, fiber

modification, and in vivo cell wall modification, are summarized in Levy’s review.’!

22
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1.4 Objectives of the Projects
The key aim of this work is to explore bioactive TiO; colloidal particles, including
three main parts: their preparation, characterization and applications. The detailed

objectives of each part are listed as following:

1.4.1. The preparation of bioactive TiO, colloidal particles:

The ultimate goal of this aspect of the research is to develop a platform for preparing
photocatalytic TiO, colloidal particles conjugated to biomolecules of interest. Since most
biomolecules can be biotinylated easily and the bioconjugation of biotin/streptavidin is
very stable, biotinylation of TiO; is the key to attach various biomolecules to the surfaces
of TiO, particles. For this reason, covalently attaching biotin to TiO, is the main

objective.

1.4.2. The characterization of surface modified TiO-

The objectives of this part of work consist of a series of characterizations of modified
TiO; including aminosilanized TiO,, biotinylated TiO,, streptavidin conjugated TiO,, and
protein conjugated TiO,, and studying the influences of UV irradiation on modified TiO;.
This work is important as it gives insight into understanding both the correlation between
the preparations and the applications of bioactive TiO, and the unique, combined

properties of TiO; colloidal particles with respect to bioactive and photocatalytic aspects.
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1.4.3. The applications of bioactive TiO,

There are two main aims associated with this part: to apply E. coli antibody coated
photoactive TiO, in a bacteria-containing environment to obtain selective binding and
killing of specific bacteria; and to immobilize photocatalytic TiO, on cellulose fibers via

bioconjugation to achieve a uniform distribution of TiO, particles on paper.

1.5 Thesis outline

This thesis consists of 6 chapters. All of the achievements in this work are reported in

this thesis according to the following outline:

Chapter 1 gives a brief introduction to the background required for this thesis,
concerning TiO, and its properties, bacteria (particularly the key bacteria — E. coli and P.
putida), and the main biomolecules involved in this thesis such as biotin, streptavidin and
carbohydrate-binding modules. Some related research is reviewed. The objectives and

thesis outline are also given.

Chapter 2 describes the details of preparing aminosilanized and biotinylated TiO,
colloidal particles. The characterization is shown and the methods of controlling the
density of amino groups are discussed. The conjugation of biotinylated TiO, colloidal
particles with streptavidin is also studied. In addition, the synthesis of

biotinyltriethoxysilane, the compound grafted on TiO; surfaces for biotinylation, is also
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described in detail. This work has led to one publication in Langmuir’® and two U.S.

patents application.93’ M

Chapter 3 illustrates the effect of UV irradiation on aminosilanized TiO; colloidal
particles. The charge conversion and the removal of organosilane coating from TiO,
surfaces are described. The photo-trigged flocculation system is also exploited. This

work has led to one publication in Langmuir.

Chapter 4 describes the preparation and characterization of E. coli antibody
conjugated TiO,. This chapter also demonstrates selective binding (flocculation) and
killing of E. coli using E. coli antibody conjugated TiO, colloidal particles in a complex
medium containing control bacteria. This work is pending submission to

Biomacromolecules.

Chapter 5 exploits the application of non-aggregated immobilization of photocatalytic
TiO, nanoparticles on cellulose fibers via bioconjugation. The photoactivity of the
resulting paper is demonstrated. The impact of UV irradiation on bioconjugation is also
studied and discussed. This work has led to a publication in the Journal of Materials

Chemistry. This publication is in press.

Chapter 6 summarizes the main conclusions and contributions that reported in this thesis.
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Chapter 2 Biotinylation of TiO, Nanoparticles and Their

Conjugation with Streptavidin®

2.1 Introduction

The properties of TiO,, including high refractive index,' light absorption/scattering,’

and photocatalytic activity >'° have led to the exploitation of TiO, in a variety of fields.

11,12

Titania has been also widely used in biological applications such as orthopedic and

dental applications' due to its excellent biocompatibility.'*!> The immobilization of bio-

molecules onto TiO, substrates has been utilized in bio-recognition templates,'® bio-

17,18 .

2
1mmuno-19’ 0

. . . )
separation supports, and other biosensors,"* and bio-chips.” Thus,

there is precedent for linking TiO, to specific biological substrates.

Two approaches are typically used to immobilize bio-molecules on oxide surfaces:

17-23 16,24,25

physisorption, and covalent binding. In most of these applications, biotin-

avidin (or streptavidin) complexation is used to bind bio-molecules to TiO;

* This work led to one published paper and two U.S. patents application. One paper concerning this part
of work has been published in Langmuir 2007, 23 (10), 5630-5637. Authors include Lu Ye, Robert Pelton
and Michael Brook. A US Patent (B&P File No. 3244-166), Biomolecule compatible silica particles,
authored by Michael Brook, John Brennan, Robert Pelton, Rebecca Voss, and Lu Ye, has been submitted
and is under review. In this patent, the work related to the conjugating biotin to particles was derived from
this work described in this thesis. Another US Patent (B&P File No. 3244-157), “Surface modified
particles”, authored by Michael Brook, Robert Pelton, and Lu Ye, that resulted from this work was filed.
However, this patent has been abandoned.
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substrates'®'*?%? due to the very high affinity (K=10" M'I)Z‘S’27 between the protein and
the ligand. The physisorptive immobilization of biomolecules onto TiO, surfaces has
disadvantages, however, including: 1) lack of the control in the quantity and location of
the immobilized bio-molecules; 2) decreased activity of the immobilized biomolecule; 3)
non-specific adsorption at unmodified sites; and, 4) subtleties in the efficiency of the
adsorption process, which strongly depend on local environmental conditions such as pH
values, temperature, solvent, roughness of the surface of adsorption and hydrophobicity
of the surface of adsorption, making reproducibility difficult. 2%

Although covalent binding appears to overcome the above drawbacks, only a few
reports have described the immobilization of biomolecules on TiOs. Huang16 showed that
biotin can be directly bound to a TiO; surface by coupling the biotin COOH to the titanol
groups in phosphate-buffered saline. The results showed that the surface of the thin
titania coating was fully covered by a biotin monolayer. The group of Dimitrijevic** and
Rajh®® have modified TiO, with enediol ligands, typically dopamine, to give terminal
amines, that can react N-hydroxy-succinimide modified biotin. In these cases, dopamine
acts as a ligand to the free surface sites of TiO; and to form chemical bonds between the
ligand and TiO,. We reasoned that improved control in the creation of TiO; / biological
composites could be provided by the use of silane coupling agents as linkers.

Silane coupling agents are widely used to modify the surface of mineral oxides
including silica, alumina, titania and others.*®>' A variety of organic functional groups
can be introduced to the surface using mild conditions. Thus, the traditional silane

coupling agent provides a route to bind biotin molecules to TiO; surfaces. Typically, the
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inorganic surface is first modified with a silane coupling agent to introduce appropriate
functional groups, and then a biotin reagents is tethered to the functional surface. 233
Finally, the biotin-modified inorganic material is exposed to streptavidin/avidin.

33,34

Although reports of this type of modification have been reported on silica, silicon,*

d*¢ and zeolites’’, we are unaware of reports of analogously prepared biotin-TiO,.

gol
Somewhat surprisingly, with the exception of Dimitrijevic’s report, which shows a
possibility to control the binding sites of biotin on TiO; rod-like nanocrystallates, the
covalent binding of biotin to TiO; has been limited to TiO, films/substrates.

It can be challenging to control the molecular densities of silane agents applied to
titania surfaces. The choice of silane coupling agent, humidity, temperature and reaction
time all affect the in subtle ways the efficacy of the surface modification.’®* Water, in
particular, affects the density of surface modification by silane coupling agents on TiO,
substrates.*®*  An additional parameter to consider with TiO, materials is the crystal
habit; TiO; can be readily prepared in amorphous form, and as single or mixed crystalline
phases (anatase, rutile and Brookite).

Our interest lies in the preparation of biologically modified TiO; particles that have
photoactivity.** Although well defined amorphous titania particles are available from sol-
gel processes, the subsequent thermolyses required to convert the TiO; into photoactive
anatase or rutile play havoc with the colloidal stability of the particles. As a result, the
answers to some fundamental problems, such as how many biotin molecules will bind to

TiO, surfaces under various conditions, the fraction of biotin that remains active to

binding, the change in the colloidal stability of biotinylated TiO, particles in the presence
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of protein, and the role of streptavidin in the flocculation of the biotinylated TiO;
particles are still unknown.

In this paper, we describe a synthetic route that permits biotin molecules to be
covalently bound to an anatase nanoparticle surface using a two-step modification
process. The influence of silanization reaction time on the amount of amino groups that
become bound to anatase nanoparticles is first described. The efficiency of binding biotin
to these attached amino groups is investigated quantitatively, as is the ability to capture
streptavidin on these particles surfaces. The changes in colloidal stability of modified
TiO, particles after the biotinylation, and in the presence of streptavidin, are also

described.

2.2 Results and Discussion
2.21. Preparation and Characterization of Biotin modified TiO, particles
Commercially available, polydisperse anatase particles were modified with by simple
treatment of the particles with a DMSO solution of H,N(CH,)3;Si(OEt); (Scheme 2-1).
Subsequent heating at 120 °C completes the curing process (MOH + EtOSi - MOSi, M
= Ti, Si) leading to a silsesquioxane multilayer on the titania surface.’! After
aminosilanization, the 2Si CPMAS NMR NMR spectrum showed that the T?: T ratio (T2
-60.13, T° -68.32 ppm, Figure 2-4) was about 1 : 6, which suggests that the efficiency of
forming Si-O-Si (and Ti-O-Si) linkages, in a highly condensed coating layer, is high (the
13C and *Si NMR of the bare particles showed no organic or siliceous materials, see

Supplementary Information). During the initial stages of the surface modification, a
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multilayer of silane molecules will form on the TiO, surface 4% 43 43,46 Although both Ti-
0O-Si and Si-O-Si bonds will be formed under these conditions, it is difficult to
differentiate the two spectroscopically, since the chemical shift in the 2Si NMR of the
former is very close to the latter.*’*®

Biotinylation was performed by dispersing the aminosilanized TiO; particles in DMSO
and capping the amine groups with NHS-ester activated biotin, which is commercially
available, and leads to the linkage of the biotin to the surface via amide groups (Scheme
2-2). The chemical shifts of the carbons located at j and a, respectively, clearly show that
biotin was attached to the TiO, surface (Figure 2-4).

The IR spectrum of untreated TiO, shows a very smooth curve, confirming that no
dispersants were present in the TiO; product, in accordance with the MSDS for the
sample. The aminosilanized TiO, spectrum exhibits a peak at 953 cm™ ascribed to Ti-O-
S1,%°% along with signals that correspond to the organic fragments of APTS. FT-IR of
the biotinylated TiO, particles demonstrated (new amide peaks at 1702 cm™ (amide 1)),
and 1547 cm™ ((amide II), Figure 2-1) the grafting of biotin to the surface amino groups
had occurred. A comparison of these four IR spectra (Figure 2-1) shows that after the
silanization, the APTES moiety was bound to the TiO, surface and after biotinylation,
biotin molecules were linked chemically to the TiO, surface via amide groups. It should
be noted that not all of the surface amino groups were able to react with NHS-biotin (see
below).

Silane coupling agents rarely form monolayers on oxide surfaces, particularly those

derived from activated silanes such as APTS; monolayers are only observed under
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exceptional conditions, including very high vacuum.?! TEM was used to examine the the
thickness of the silane coating multilayer created in the aminosilanization step. As the
reaction time increases from 4 - 26 hours, the initially clean TiO, surface (Figure 2-2 a)
begins to be visibly modified with a surface layer that grows to ~12 nm thickness after 26
hours of aminosilanization. Little further change was observed when these surfaces were
biotinylated (Figure 2-2 e, f).

The surface charge of the particles, which will affect their colloidal stability, was
established using electrophoretic mobility measurements as a function of the ionic
strength and the pH values of the solution. The electrophoretic mobilities of the untreated
TiO, particles at different pH values in KNO; (102 M) solutions are shown in Figure 2-3.
These results are comparable with the mobilities of some commercial TiO; samples
measured by Gilmar ' and Furlong *2, and show the presence of surface titanol groups.

After aminosilanization with 26 hours, by contrast, the electrophoretic mobilities of the
modified TiO; particles were highly positive over a broad pH range due to the ammonium
groups attached to the particle surfaces. The biotinylated TiO, sample, which was
obtained from this aminosilanized TiO,, still showed positive electrophoretic mobility
over a broad pH range, but to a lower degree than the amino-modified material. This
indicates that not all of the amino groups were able to react with NHS-biotin.

The variation in the size and size distribution of TiO; particles were studied by light
diffraction after silylation (over 26 hours) and subsequent biotinylation. The data shows
that about 80% of the unmodified TiO, particles are in the size range 510-1780 nm

(Figure 2-5). However, TEM results indicated that the size of most TiO, particles present
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in our samples were 50-150 nm in diameter (see Figure 2-2). This inconsistency in sizes
from the two measurements indicates that even untreated TiO; nanoparticles underwent
aggregation in water in spite of their negative surface charge, as has recently been
described by Yaremko.” In his report, the TiO, particles of highest colloidal stability
(100-300 nm) were shown to be aggregates consisting of 2-4 particles. In Figure 2-5, it
can be seen that the average particle aggregate size of untreated TiO, was 8§90 nm, while
that of aminosilanized TiO; was 1020 nm. Thus, the particle aggregate size increases as a
consequence of silylation. This also confirmed the TEM results described above, which
indicated that the thickness of the coating layer can reach ~12 nm. The ability to
aggregate the particles is independent of the thickness of the APTS layer: a small fraction
of the TiO, particles associate to give 4-10 pm aggregates irrespective of the chemistry of
the surface layer.

The specific surface area (SSA) of untreated TiO, particles, aminosilanized TiO,
particles and biotinylated TiO, particles were measured using nitrogen absorption. The
results are shown in Table 2-1. It can be seen that the specific surface area of TiO; after
aminosilanization decreased significantly, while after biotinylation the value decreased
only slightly. The SSA value decreased from 14.1 m” g” to 9.1 m? g”! with an increase in
the reaction time of the aminosilanization process. The large drop in the SSA of TiO;
after aminosilanization may be associated with: 1) a silane coating layer that blocks the
pores of untreated TiO, particles;>* and/or 2) aggregation of TiO, particles by the thick

silane coating layer.*®

40



PhD Thesis — Lu Ye McMaster — Chemical Engineering

2.2.2. Accessability of Amino Groups on TiO; particles to Biotin and
then to Streptavidin

Based on the nature of two-step modification process, the amount of biotin grafted to
the TiO; surface will be limited by the concentration of available surface amino groups.
The quantitative measurement of accessible amino-groups on the TiO; surface is
significant both for understanding the TiO, surface chemistry and designing the
subsequent modification protocols or applications. X-ray Photoelectron Spectroscopy
(XPS) was utilized to characterize nitrogen and titanium atomic percentages on untreated
TiO, and aminosilanized TiO, after reaction times of 4 hours, 16 hours, and 26 hours,
respectively, and on a biotinylated surface (starting from the 4 h aminosilanized surface).
The samples, as is frequently done for powders, were allowed to adhere to an adhesive
film, the excess powder was removed, and the XPS was measured on the exposed particle
surface layer. Table 2-1 shows the clean surface of the untreated TiO,, which agrees with
the FT-IR spectrum (Figure 2-1). The nitrogen concentration increased from 0.1% up to
10% while the atom% titanium decreased from 15% down to 0.4% with the
aminosilanization time. These results were in good agreement with the TEM results. It
also suggested that more and more APTS grafted to TiO, surface as the reaction time was
extended. Biotinylation provides a layer that further obscures the underlying titania, and
contributes a more nitrogen rich environment.

The total number of amino groups grafted onto the TiO, surface was measured by
conductiometric titration (see Supplementary Material). In combination with the SSA

values, the amino group densities can be calculated to be 2.9 nm?, 26 nm™, 66 nm™ for
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aminosilanized TiO, samples obtained after 4 hours, 16 hours and 26 hours reaction time,
respectively. The surface amino-group density on the TiO, surface was measured using
polyelectrolyte titration. In combination with the SSA values, it also can be calculated
that the densities of the surface amino-groups were 2.7 nm>, 10 nm™>, and 17 nm for the
sample obtained after 4 hours, 16 hours and 26 hours reaction time, respectively. These

40,41,42

values are very large if compared with Gamble’s reports, in which the silanized

TiO, was shown, using surface spectroscopic techniques, to have a monolayer of silane

2. However, our conductometric titration results are equivalent in

coverage of 1.1 nm
comparison with the result obtained by Kim e al.°® Kim and his colleagues grafted
hyperbranched polymers containing amino groups on an aminosilanized oxide substrate.
The surface density of the primary amine functional groups reported in Kim’s paper
ranged from 3.5 nm™ to 66 nm>. As shown below, some of the APTS-derived amino
groups are unable to bind with biotin. In the highly crosslinked, polycationic
silsesquioxane surface layer, it may not be possible to readily titrate all the embedded
amino-groups with polyanionic molecules (in this case, potassium polyvinylsulfate), nor

to react them with NHS-biotin. However, the conductometric titration can react with all

entire amino-groups grafted onto the TiO; surface.

2.2.3. Quantitative Determination of active biotin on TiO; particles
The quantity of active biotin on TiO, surfaces was measured by Green’s method.’
The density of active biotin on TiO; surface can be calculated from the combination of

the titration results and the SSA values. Biotin-NHS molecules were reacted to form
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covalent bonds with the protruding amino-groups on aminosilane-modified TiO; particles
modified for 4 hours, 16 hours and 26 hours reaction time to give surface biotin densities

of 2.1 nm?, 7 nm?, and 11.5 nm™, respectively.

2.2.4. Conjugation of streptavidin to biotinylated TiO;

Biotin molecules were covalently grafted to TiO, surfaces, as discussed above. The
ability of the attached biotin molecules to conjugate with streptavidin will be key to the
exploitation of these compounds. Confocal microscopy images (Figure 2-6) show that
biotinylated TiO, particles are able to bind to streptavidin-FITC. The fluorescence in
Figure 2-6 a is much brighter than that in Figure 2-6 b, consistent with the absence of
non-specific adsorption, presumably because the untreated Ti02 (see Figure 2-3) and
streptavidin-FITC 58 are both negatively charged, and therefore that the untreated TiO,
does not effectively couple to streptavidin-FITC in a pH=9.6 buffer.

From Figure 2-6 a, it can be seen that some of the biotinylated TiO; particles
flocculate with the addition of streptavidin. This may be because each streptavidin
molecule can bind four biotin molecules, or because the charged protein acts as a non-
specific locus of aggregation. To address this question, the effect of streptavidin
concentration on the aggregation of the biotinylated TiO, was studied (Figure 2-7). With
increasing concentration of streptavidin, a peak corresponding to aggregates of 5-30 um
diameter first appeared, and then increased in intensity. However, it was also found that
the intensity of the peak was always low compared with the main peak at 0.4-5 pum. This

suggests that irrespective of the streptavidin concentration only a small fraction of the
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biotin binding sites are available to biotinylated TiO, particles. This may be because the
size of streptavidin is small (5-6 nm)> compared with the size of TiO; particles used in
these experiments, and surface geometry prevents binding of TiO, into more than one or
two sites on streptavidin (see Figure 2-8). Irrespective, streptavidin molecules did not act
as a strong flocculant for the biotinylated TiO,, although they were readily able to bind to
the biotinylated TiO, particles, according to the confocal microscopy and active biotin
assays. This provides the opportunity to further manipulate the surface of these particles
using biotin modified biomolecules that don’t suffer from the same geometric

1660 25 the biotin-tethered TiO; particles.

constraints

The processes described above demonstrate that it is possible to tune the surface
characteristics of photoactive TiO, particles with respect to the thickness of cationic
shells, concentration of active biotin binding groups, and of streptavidin tags. While
doing so, colloidal stability can be maintained such that the dispersions of particles can be
targeting to accessible (i.e., not particulate) biotin functionalized moieties. Future work

will focus on examining the ability to immobilize these particles and exploit their

photolytic activity in specific biological environments.

2.3 Experimental Section

2.31. Chemicals
N-hydroxysuccinimido-biotin (N-Biotin), biotin, streptavidin-FITC from Streptomyces
avidinii and 4'-hydroxyazobenzene-2-carboxylic acid (HABA)/avidin reagent were

purchased from Sigma and used as received. 3-Aminopropyltriethoxysilane (APTS) and
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anhydrous methyl sulfoxide were purchased from Aldrich and used as received. Anatase
nanoparticles, 3.9 g/em®, 99+%, were purchased from Aldrich and used as received
(particle size distributions are shown in Figure 2-2; no dispersants were present on the
particles). The reactions were carried out under a nitrogen atmosphere. Streptavidin from
Streptomyces avidinii was purchased from Fluka. Potassium polyvinylsulfate (PVSK)
(MW 19.1 kDa) standard solution was supplied by BTG Miitek. MilliQ water was used
to wash samples and prepare buffers. Sodium bicarbonate buffer (pH=9.6, 25 mM) was
prepared by diluting the mixture of 250 mL sodium bicarbonate solution (0.05 M) and 25
mL NaOH solution (0.1 M) to 500 mL with MilliQ water. Silica particles were prepared

using published routes®' and were used in this report as a control sample.

2.3.2. Measurements

1. Si and *C CPMAS NMR were recorded at room temperature on a Bruker AV-300
spectrometer, which operates at 75.5 MHz for >C and 59.6 MHz for silicon. The
samples were in powder form and were packed into 4mm zirconia rotors. The rotors
were spinning at 10 kHz during the data collection for 13C and 5 kHz for Si. Glycine
was used as an external reference for the >C spectra and ((CH;);C)4Si was used as a
reference for the 2°Si spectrum.

2. FT-IR spectra were collected on a bio-Rad FTS-4 spectrometer (Hercules, CA) using
conventional transmission. Samples were diluted using dry KBr, pressed into pellets
and scanned in the range 4000—400 cm ™", with a resolution of 4 cm™. The spectrum of

a blank KBr pellet was also measured to allow background subtraction.
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3. Transmission Electron Microscopy (TEM) of untreated TiO,, aminosilanized TiO;
and biotinylated TiO, were obtained on a JEOL JEM-1200EX transmission electron
microscope. All the TiO, samples were dispersed in anhydrous ethanol with
ultrasonication for 2 min and then dropped onto the copper grid to dry.

4. Nitrogen Adsorption was performed to obtain the specific surface area (SSA) data of
the untreated, aminosilanized, and biotinylated TiO, on a Quantachrome Nova 2200.

5. X-ray Photoelectron Spectroscopy (XPS) was obtained on Leybold Max 200 XPS
system equipped with a non-monochromatized Al Ka (15 kV, 20 mA) X-ray source.
The energy scale was corrected by placing the Cls value for the main C-C component
at 285 eV. Spectra were obtained at take-off angle of 90° corresponding to a depth of
analysis of about 10 nm, at 2 x 10” bar, using a 2 x 4 mm? aperture for measuring the
atomic composition on the aminosilanized TiO, surface.

62:63 to measure the surface amino-group grafted onto the

6. Polyelectrolyte Titration,
TiO, surface, was performed on a PCD 03 charge titrator (BTG Miitek, Germany). A
PVSK standard solution was diluted 50 times before titrating aminosilanized TiO,
particles. Aminosilanized TiO, suspension (0.1 mg mL™') was made acidic (pH of 3.5)
with acetic acid (0.05 N). The reported surface amino group density values represent
the mean of three measurements.

7. Conductometric Titration, to quantify the total concentration of TiO, surface grafted
amino-groups, was performed on a Man-Tech PC-Titrate™ Burivar' ¥-1/2 Buret

Module (Man-Tech Associates. Inc., Guelph, ON, Canada). Aminosilanized TiO,

particles obtained by 16 and 26 hours silylation were suspended at a concentration of
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0.2 mg/mL in 50 mL of a 1 mM NaCl solution. Aminosilanized TiO, particles
obtained by 4 hours silylation were suspended at 0.4 mg/mL in 250 mL of a | mM
NaCl solution. The pH was manually lowered to 3.0, and the sample was titrated with
0.1 M NaOH under a N, atmosphere. A time interval of 120 s between injections was
used to ensure full equilibration of the protonation of amino-groups on the TiO;
surface. Titration endpoints were determined by using the standard
extrapolation/intersection method.  Reported uncertainties indicate approximate
+0.005mL error involved in extrapolating the titration endpoints. The reported amino
group density values represent the mean of three measurements.

8. Electrophoretic Mobility of TiO, particles were measured on the ZetaPlus Zeta
Potential Analyzer (Brookhaven Instruments Corp.). Measurements were performed
in KNO; (1mM) solution with different pH values for untreated, aminosilanized and
biotinylated TiO,. The error bars of the electrophoretic mobilities represent the
standard error of the mean value of 10 runs (15 cycles per run). The bars of pH values
represent the pH range in which the electrophoretic mobility was tested.

9. Active biotin density on the TiO, surface was measured by titration according to
Green’s method.”” HABA exhibits a characteristic absorption band at 500 nm upon
binding to avidin. When biotin is introduced in the system, a HABA/avidin complex
is converted to a biotin/avidin complex because of the much higher K, value of the
latter (1.3x10"° M) compared with that of the former (6x10° M"). As HABA is
displaced, the absorbance at 500 nm decreases proportionally. The quantity of biotin

introduced in the solution was determined by plotting the calibration curve of the
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absorbance value of HABA/avidin versus the increasing concentrations of added
biotin. The biotinylated TiO, particles were dispersed in MilliQ water to give a known
concentration and then a known volume of the suspension was added to the
HABA/avidin solution. After centrifugation at 10000 rpm for 15 min, the absorbance
at 500 nm of the supernatant liquid was measured. The biotin concentration of
biotinylated TiO, sample can be determined by comparison with the calibration curve.
The reported active biotin density values are the average of triplicate measurements.

10.  Confocal Microscopy images were obtained on Zeiss LSM 510 Confocal for
streptavidin-FITC immobilized on biotinylated TiO; and untreated TiOs.

11.  Size and Size distributions of TiO, particles were obtained on Mastersizer 2000
(Malvern Instruments). Untreated TiO, (3.6 mg L), aminosilanized TiO; (6 mg L)
or biotinylated TiO; (6 mg L) were dispersed in sodium bicarbonate buffer using
ultrasonication for 5 min. A higher concentration of the aminosilanized and
biotinylated TiO, solutions was used because of their lower refractive index than that
of the TiO, starting material. Sodium bicarbonate buffer was filtered with 0.2pum filter

disc to remove the dust before use.

2.3.3. Sample preparation
Aminesilanization of TiO; particles
A 500 mL flask was degassed with pure and dry N, and charged with TiO; (0.3 g,
3.756 mmol) and anhydrous DMSO (210 mL). The particles were dispersed in the

anhydrous DMSO using ultrasonication for 10 min. Afterwards, APTS (1.5 mL, 6.346
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mmol) was injected in the flask. After stirring at 85 °C for a specified time (4 h, 16 h, 26
h, respectively), the solid particles were deposited by centrifugation, and then washed
with anhydrous DMSO (3x180 mL). The TiO; particles were dispersed in anhydrous
DMSO (100 mL) using ultrasonication for 10 min and then were cured under a nitrogen
stream at 120 °C for 20 h. After thermal cure, the TiO, particles were washed with
anhydrous DMSO (3x180 mL). Finally, an aliquot of these particles was dried in vacuo
at 65 °C for characterization. The remaining sample was reserved for the second
modification step.

The ¥Si NMR spectrum (see Supplementary Material) showed signals at 6=-60.13
ppm (TH* and 8= -68.32 ppm (T. FT-IR spectra (Figure 2-1) showed low intensity
peaks consistent with a grafted APTS layer. SSA, XPS and charge titration results are
shown in Table 2-1. TEM images of the untreated and aminosilanized TiO, are shown in
Figure 2-2 a-d, and electrophoretic mobility of the untreated and aminosilanized TiO; in
Figure 2-3.

Biotinylation of TiO; particles

N-Hydroxysuccinimidobiotin (1.0 g, 2.9 mmol) was dissolved in anhydrous DMSO (5
mL). A 250 mL round-bottomed flask was degassed with dry N, and charged with
amino-modified TiO; (0.15 g, 1.878 mmol) and the above DMSO solution (125 uL)
which contained N-hydroxysuccinimidobiotin (25 mg, 0.073 mmol) using a micropipette.
Finally, DMSO (80 mL) was added to the round-bottom flask. The mixture was
sonicated for 2 min. After stirring at room temperature for 3 h, the solid particles were

deposited by centrifugation, and then washed with anhydrous DMSO (90 mLx3 times),
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followed by MilliQ water (3x90 mL), and then dried in vacuo at 50 °C to remove the
residual solvents. The same processes of aminosilanization and biotinylation were
performed to modify SiO, particles as a control.

The *C NMR spectrum (Figure 2-4) shows peaks at 6=173 (j), 165 (a), 61, 58, 55
(cluster of 4 peaks, ¢, b, e and n), 41, 38, 36 (cluster of 3 peaks, £, d and i), 28, 26, 20, 18
(cluster of 5 peaks, /, g A, [ and 0) and 10 ppm (m). Key peaks in the FT-IR spectra
(Figure 2-1) include 3435 (-NH, and H,0), 2921 (C-H), 1702 (amide I), 1648 (-NH),
1547 (amide II), 1459 (C-H), 1200-1000 (Si-O-Si) and 957 (Ti-O-Si) cm™.

TEM images of the biotinylated TiO, are shown in Figure 2-2 e,f. Electrophoretic
mobilities of the biotinylated TiO, are shown in Figure 2-3. The specific surface area
values of the biotinylated TiO, are shown in Table 2-1. The active biotin assay,
combined with the SSA value, gave densities for active biotin on the TiO, surface of 2.1
nm'z, 7.0 nm? and 11.5 nm? for the biotinylated TiO, samples obtained from
aminosilanization reaction times of 4 h, 16 h and 26 h, respectively. The size and size
distribution of TiO, particles after aminosilanization and biotinylation are shown in
Figure 2-5.

1) Conjugation of streptavidin to biotinylated TiO particles

Biotinylated TiO, particles (0.1 g) were dispersed in sodium bicarbonate buffer
(pH=9.6, 25mM, 100 mL) using ultrasonication for 5 min. 1 mL of the suspension was
mixed with streptavidin-FITC (1 mg) in 9 mL of the same buffer for 2 h in the dark.
After incubation, all the solid particles were deposited by centrifugation, and washed with

the same buffer (3x40 mL) to remove the excessive free streptavidin-FITC. The same
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procedure was performed following the reaction of untreated TiO; samples with
streptavidin-FITC in the same buffer. Confocal microscope images are shown in Figure
2-6.

In a sodium bicarbonate buffer (pH=9.6, 25 mM), the biotinylated TiO, suspension
(100 mL) was prepared at a concentration of 6 mg L™, to give 9.7 x 10™ mmol L of
active biotin in the solution. In the same buffer, streptavidin solution was prepared at the
concentration of 1 mg mL™. Following each addition of an aliquot of the streptavidin
solution (30 pL) to the biotinylated TiO, solution, the system was mixed for 10 min, and
then particle sizes and size distributions were measured. Each addition of the streptavidin
solution increased the concentration of streptavidin in the system by 5 x 10"® mmol L
Sodium bicarbonate buffer was filtered with a 0.2 um filter disc to remove dust before
use. The aggregation of the biotinylated TiO, particles in the present of streptavidin was
measured and the results are shown in Figure 2-7. The size distribution curve shows a
new peak of 5-30 um which increases in intensity with each aliquot of streptavidin until
1860 uL streptavidin solution was added to the solution, after which no further changes
observed. The concentration of streptavidin at the end point of the titration was 3.1 x 10™

mmol L.

2.4 Conclusions

Biotin can be covalently bound to TiO; particles using a silane coupling agent to link
biotin to the inorganic TiO, surface. The quantity of attached biotin molecules depended

on the thickness of the aminopropylsilsequioxane layer moiety attached to the TiO,

51



PhD Thesis — Lu Ye McMaster — Chemical Engineering

particle surface: longer silanization time led to thicker layers and reached a maximum in
these studies of 11.5 nm™. However, this represents only about 1/6 of the available amino
groups in the silane shell and about 60% of the surface amino groups present. The
tethered biotin groups are accessible for binding with streptavidin. Although each
streptavidin molecule can bind to four biotin molecules, streptavidin did not act as a
strong flocculent in our biotinylated TiO, particles. Thus, the streptavidin modified
particles have residual biotin binding sites that are geometrically constrained: they are not
accessible to large particles. They should, however, be accessible to small molecules,

which would permit the assembly of more complex biotargeting TiO, particles
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Untreated TiO, after aminosilanization for
TiO, 4 hours 16 hours 26 hours
NH; density on 2Ti02
surface (nm™)
measured by polyelectrolyte 0 27 10 17
titration
Measured by
conductometric titration 0 2.9 26 66
Untreated Aminosilanization
TiO;, 4 hours 16 hours 26 hours
SSA (m? g™ 14.1 10.2 9.1
16.0 Biotinylation (3 hours)
13.4 9.1 8.4
Untreated Aminosilanization Biotinylated®
TiO; 4 hours 16 hours 26 hours TiO;3h
N% 0.1 2.7 6.2 10.0 8.4
XPS Ty, 15 8.7 3.7 0.4 5.0

® The surface was aminosilanized for 4 h, then biotinylated for 3 h.

Table 2-1 XPS, charge titration results and SSA of the untreated, aminosilanized and

biotin modified TiO,
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Figure 2-1 FT-IR spectra of untreated TiO,, aminosilanized TiO,, biotinylated TiO, and

biotinylated SiO,
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Figure 2-2 TEM images for (a) untreated TiO,, aminosilanized TiO, after (b) 4 hours; (¢)
16 hours; (d) 26 hours, biotinylated TiO, after aminosilanization (e) 16 hours (3(c)); (f)

26 hours (3(d)). The scale bar in all images is 50 nm
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Figure 2-4 >*C CPMAS NMR spectrum for the biotinylated TiO; particles
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Figure 2-5 Sizes and size distributions of untreated, aminosilanized and biotinylated TiO;

nanoparticles
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Figure 2-6 Confocal images of streptavidin-FITC in sodium bicarbonate buffer (pH=9.6,

25mM) with (a) biotinylated TiO,, (b) untreated TiO, (scale bar=10 um).
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Figure 2-7 Size distribution of biotinylated TiO, particles with the addition of
streptavidin. The concentration of biotinylated TiO, is 6 mg L. The concentrations of

streptavidin are 0 mg B (--®--), 6 mg | b (-=--), 9 mg (—-4--), 12 mg Lt (-o0--), 15

mgL" (—*--), 18.6 mg L' (—-e--),
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Unoccupied biotin-
binding sites

Figure 2-8 Model showing the conjugation of streptavidin with the biotinylated TiO,

particles. A: biotinylated TiO; particle; B: TiO, bulk; C: APTS gel layer; D: streptavidin.
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Scheme 2-2 Biotinylation reaction of amino-TiO; with biotin-NHS
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Chapter 2 - Appendix 1
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Figure 2A1-1 ®Si CPMAS NMR spectrum for the aminosilanizated TiO; particles
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Figure 2A1-2 Conductometric titration curve for aminosilanized TiO, sample after 4

hours of reaction time
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Figure 2A1-3 Conductometric titration curve for aminosilanized TiO; sample after 16

hours of reaction time
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Figure 2A1- 4 Conductometric titration curve for aminosilanized TiO, sample after 26

hours of reaction time
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2.A.1.1 Calculation of the densities of amino groups on TiO; surfaces with
different aminosilanization time, data were obtained by conductometric

titration

X CNaOH X Nav

. v,
Equation: D, ¢ = - —
My, % SSA

D’ density of amino groups on TiO, surfaces calculated by the result measured by
conductometric titration

Vnaon: the volume of NaOH solution consumed for titration

Cnaon: the concentration of NaOH solution

Nav: Avogadro’s number

mrio2": the mass of TiO, used in conductometric titration

SSA: the specific surface area of TiO;

For the TiO; particles aminosilanized for 4h:
mrioz° =100 mg

Vnaon =0.068 mL

SSA =14.12 m%/g

Dy’ =2.9 nm™

For the TiO; particles aminosilanized for 16h:
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mTiozc =10 mg
VNaOH =0.045 mL
SSA =10.19 m%/g

D’ =26.594 nm™

For the TiO; particles aminosilanized for 26h.
mrioz” =10mg

Vnaon =0.1 mL

SSA =9.087 m%/g

D’ =66.272 nm™

2.A.1.2 Calculation of the densities of amino groups on TiO; surfaces with
different aminosilanization time, data were obtained by polyelectrolyte

titration

The standard PVSK solution was diluted by 50-fold for titration. Therefore the

concentration of PVSK for titration is 2x10° N

p_V,xC,xN,

Equation: D, ° =
! M g, " %SS4

1
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Dni2™: density of amino groups on TiO, surfaces calculated by the result measured by

polyelectrolyte titration

Vnaon: the volume of PVSK solution consumed for titration

Cnaon: the concentration of PVSK solution (2% 10° N)

Nayv: Avogadro’s number

mrTio;”: the mass of TiO, used in polyelectrolyte titration

SSA: the specific surface area of TiO;

For the TiO; particles aminosilanized for 4h:
mrioy” =1 mg

V,=3.16 mL

SSA =14.12 m%/g

Daip® =2.695 nm™

For the TiO; particles aminosilanized for 16h:

mrio?’ =1 mg
V,=8.72 mL
SSA =10.19 m%/g

Do’ =10.307 nm™

For the TiO; particles aminosilanized for 26h:

mTiozp =0.7 mg

McMaster — Chemical Engineering
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V, =8.94 mL
SSA =9.087 m%/g

Daio’ =16.928 nm™

2.A.1.3 Calculation of the densities of active biotin on TiO, surfaces with

different aminosilanization time, data were obtained by Green’s method

V,xC,xN,,
m, x VT:()2 A Czy()l x SSA

Equation: D, =

Dy: density of active biotin on TiO, surfaces calculated by the result measured by Green’s
method

Vy: the volume of biotin solution required for titrating the HABA/avidin solution to the
same absorbance change of solution that caused by the addition of biotinylated TiO,
suspension

Cy: the concentration of free biotin solution (0.122155mg/mL)

Vrio2: the volume of TiO; suspension used for titration (15.3 pL)

Crioz: the concentration of TiO, suspension (0.5 mg/mL)

Nayv: Avogadro’s number

M: the molecular weigh of biotin (244.31 g/mol)

SSA: the specific surface area of TiO,
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For the TiO; particles aminosilanized for 4h:
Vp=10.709 uL
SSA=13.41 m%/g

Dy=2.081 nm™

For the TiO; particles aminosilanized for 16h:
V,=1.619 uL
SSA=9.134 m*/g

Dy= 6.977 nm™

For the TiO; particles aminosilanized for 26h:
Vb =2.449 uL
SSA=8.417 m%/g

Dy=11.451 nm™

2.A.1.4 Calculation of the equivalent spherical diameter of the TiO,

particles based on the specific surface area data

6
p xSSA

Equation: D =

D: diameter of the equivalent spherical diameter
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p: density of TiO; used in the work (3.895 g/L)

SSA: the specific surface area of TiO;

For untreated TiO3:
SSA=16.05 m?/g

D=95.977 nm

For aminosilanized TiO:
4h: SSA=14.12 m%g D= 109.096 nm
16h: SSA=10.19 m%/g D=151.171 nm

26h: SSA=9.087 m*/g D=169.521 nm

For biotinylated TiO;:
Obtained from 4h silylation: SSA=13.41 m%/g
Obtained from 16h silylation: SSA=9.134 m%/g

Obtained from 26h silylation: SSA= 8.417 m%/g

McMaster — Chemical Engineering

D=114.872 nm
D= 168.649 nm

D=183.015 nm

2.A.1.5 Calculation of the density of amino groups based on the thickness

of the gel coating on TiO; surfaces obtained by TEM observation based on

T'xN,xp
M,

w

Equation: Dy, =

75



PhD Thesis — Lu Ye McMaster — Chemical Engineering

Dnha: the density of amino groups

T: the thickness of the gel coating on TiO; particles that observed by SEM
Nav: Avogadro’s number

p: density of APTS coating layer (=1 g/mL)

Mw: the molecular weigh of the grafted APTS moiety (110 g/mole)

For the TiO; particles aminosilanized for 16h:

T=5nm Dnp=27.373 nm™

For the TiO; particles aminosilanized for 26h:

T=12nm Dnp=65.696 nm™
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Chapter 2 - Appendix 2 The Synthesis of Biotinyltriethoxysilane

Experimental Section

Chemicals and Measurements

N-hydroxysuccinimido-biotin (N-Biotin), 98%, was purchased from Sigma, 3-
Aminopropyltriethoxysilane (APTS), 99%, and anhydrous methyl sulfoxide were
purchased from Aldrich and used as received. Diethyl ether and dichloromethane were
purchased from Aldrich and dried over the Alumina column prior to use. The reaction
was carried out in a nitrogen atmosphere. 'H and *C NMR were recorded at room
temperature on a Bruker AC-200 spectrometer. FT-IR spectra were obtained on a Perkin-
Elmer 283 spectrometer. Electrospray mass spectra were recorded on a Micromass
Quattro LC, triple quadruple MS. The melting point of the synthetic product was

measured on Gallenkamp Melting Point Apparatus.

Synthesis

A 50 ml flask was degassed with pure and dry N, and charged with N-biotin (0.306g,
0.89 mmol) and DMSO (2 ml). A solution of APTS (0.35ml, 1.48 mmol) in DMSO (10
ml) was added dropwise (Scheme 2A2-1). After stirring at room temperature for 6h, the
mixture was concentrated under reduced pressure to remove solvent and unreacted APTS.

The residue was washed with diethyl ether, 3 x 50 mL, then extracted with
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dichloromethane (2x50 mL). The white solid was filtered off, the combined extracts were

concentrated and dried in vacuo to give the product, Biotinyltriethoxysilane, as a white

solid (0.27 g, 67.3% yield, m.p 70°C.)

1 - 1
¢ —_— H .
H&/\/‘E—O—& + H7N/\/—3)I-O\/ H%ﬁ/\/'g‘N"—\/—%‘o\/ ¥ HO_’\&
¢ ) °
1 2 3 4

Scheme 2A2-1 The synthesis of biotinyltriethoxysilane

Results and Discussion:

The 'H-NMR and *C-NMR spectra:

o
e 7 26018
~§.21507

4 n /OA? A
mn s'—O/\ “P
0

cods
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Figure 2A2-1 (a) The 'H-NMR spectra of biotinyltriethoxysilane in CDCl; with 1%TMS;

(b) The *C-NMR spectra of biotinyltriethoxysilane in CDCl; with 1%TMS

'H NMR (200.2 MHz, CDCl):

8=0.62(t, J=8.1Hz, 2H, Hy), 1.22(t, J=7Hz, 9H, H,), 1.44(m, 2H, Hy), 1.57~1.70(m, 2H,
H,, 2H, Hn, 2H, Hy), 2.19(t, J=7.3Hz, 2H, Hj), 2.82(m, 2H, H,), 3.10~3.28(m, 1H, Hy, 2H,
H)), 3.81(dd, J=7Hz, J=14Hz, 6H, H,), 4.32(m, 1H, Hy), 4.51(m, 1H, H,), 5.43(1H, Hy),

6.07(1H, Hy), 6.22(1H, H,) ppm
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13C NMR (50.3 MHz, CDCls):

McMaster — Chemical Engineering

6=7.732(Cpm), 18.307(C.), 22.857(C)), 25.624(Cy), 28.052(C,), 28.150(Cy), 36.094(Cy),

40.497(Cy), 41.821(Cy), 55.411(Ce), 58.466(C), 60.179(Cy), 61.802(Co), 163.645(C,),

172.934(C;) ppm

Analyses for '"H NMR:

integral area

Hydrogen atom location Chemical Shift (ppm)
(number of H atoms)

a 6.22 0.9260

b 6.07 0.8567

c 4.51 0.9792

d 4.32 1.0026

e 2.82 1.9936
f+ 3.10~3.28 2.9774
g+m-+i 1.57~1.70 6.0496
h 1.44 2.0388

j 2.19 1.9564

k 5.43 0.9327

n 0.62 2.0000

0 3.81 6.1050

p 1.22 9.1586

Table 2A2-1 Each peak with the corresponding chemical shift and integral area of the

1H-NMR spectra
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#Si NMR (300 MHz, CDCl3):

AR R

Figure 2A2-2 ®Si-NMR spectrum of biotinyltriethoxysilane in CDCl;

Transmittance

20

0 90L7

g
g

3500 3000 2500 2000 1500
Wavenumber (cm-1)

Figure 2A2-3 FT-IR spectrum of the biotinyltriethoxysilane in solid state
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8=-45.342(Si(OEt)3), 0(TMS, internal reference) ppm

Fourier Transform Infrared spectra (Figure 2A2-3, KBr, cm™):

-CONH-:1680 cm™~1630 cm’!

The LR-MSI spectrum assignment:

MS (LR-ESI):

m/z = 470.4 (M+Na, 100); 402.4 (M- OCH,CH3, 50); 448.4(M+H, 41);
917.6(2M+Na, 43); 895.6(2M+H, 9); 465.4(M+NHy, 19); 486.4(M+Na+NH4-2H, 8);
806.5(2M-2(OCH,CH3), 4); 359.3(M-2(OCH,CH3)+2H, 12);
207.0(CH3;CH,CH,Si(OCH,CH3)3+H, 5); 115.0(CH,CH>CH,SiOCH,CH3, 7);

82.4(2(CH,CH;)+Na+H, 10);

Lucy 004 15-Mar-2004
MBQ7337 19 {1.634) Sb {5,1.00 ). Sm (Mn, 2¢0.50% Cm (17:15&“;! Scan ES+
100+ 4 1.23%a8

x 400.4

7y 91rs
303
824 :
1180 1 89S 6.
2070 i I 808.5
P . L T W N N —_ — el Kl d e oty
o 200 L300 400 s 600 700 ... 300 908 1000
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ucy D4 o 15-Mar-200

MBQ7a5T 10 (1.624) &b (5,1.00 K Sm {Mn, 2x0.50); M (17:19-8:10) &oan E5

100 4704 123,
%1

ana
” i
Jl H wse
0 T T T T " L i\ e 4 —r mz
436 440 4456 450 .. 465 480 @ 408 470 475 480 486

Figure 2A2-4 The electrospray of biotinyltriethoxysilane with low resolution

m/z Proposed fraction Proposed formula Callcrlll/l;ted
84.2 2(CH,CHj)+Na+H C4H;Na 82.1
115.0 CH,CH,CH,SiOCH,CHj; CsH;,08i, 115.1
207.0 CH;3;CH,CH,Si(OCH,CHj3);+H CoH»305Si 207.1
359.3 M-2(OCH,CH3)+2H CsHyoN303SSi 359.2
402.4 M-OCH,CH; C17H3,N304SSi1 402.2
448.4 M+H C9H3gN305SSi 448.2
4654 M+NH4 C19H4;N4O5SS1 465.3
470.4 M+Na Ci9H37N3Na0sSSi1 470.2
486.4 M+Na+NH,-2H C19H39N4NaOsSSi 486.2
806.5 2M-2(OCH,CH3) C34H79NgO03S,S1, 806.4
895.6 2M+H 2(C19H39N3NaOsSSi)+H 895.5
917.6 2M+Na 2(C19H39N3NaOsSSi)+Na 917.4

Table 2A2-2 Each peak with the corresponding proposed fraction and formula

MS (HR-ESI):

C19H37N3NaOsSSi: caled. 470.2121 (M+Na,100), found 470.2128 (HR-ESI)
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Figure 2A2-5 The electrospray of biotinyltriethoxysilane with high resolution
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m/z Proposed fraction Proposed formula Cal;::/lzated
177.0162 3(OCH,CHj3)+Na+H+NH,4 Ce¢HoNNaO3 177.1341
245.0658 | NH,CH,CH,CH,Si(OCH,CHj3);+Na+H CyH»4NNaO;Si 245.1423
303.1158 M+2H+CH2CH#OCH2CH3' CoHaNL 058 303.1742

NHCH,CH,CH,Si(OCH,CH3);
381.2998 M+Na+H-2(OCH,CHj3) Ci5H,sN3NaO;SSi 381.1518
402.1906 M-OCH,CHj; C17H35N304SSi 402.1906
403.1926 M-OCH,CH;+H C17H33N304SSi 403.1961
470.2128 M+Na+NH4-H C19H40N4NaOsSSi 487.2386
486.1861 M+Na+NH;-2H Ci9H39N4NaOsSSi 486.2308
487.1894 M+Na+NH,-H C19H4oN4NaO5SSi 487.2386
505.2854 M+2(CH,CH3) Ca3H47N305SSi 505.3006
611.3505 M+3(OCH,CH;)+CH,CH; Ca7Hs57N304SSi 611.3636
690.8082 | M+Na+NHCH,CH,CH,Si(OCH,CHjs); C,8Hs9N4NaOgSSi, 690.3490
743 4332 e C3iHsgNsNaOgS,Si | 743.3394

NHCH,CH,CH,Si(OCH,CHs);3
849.4011 2M-OCH,; CH; C36Hg9NsO9S,Si, 849.4106
917.4350 2M+Na C33H78NgNay010S,Si,+Na | 917.4344

Table 2A2-3 Each peak with the corresponding proposed fraction and formula

The reaction of N-hydroxysuccinimido-biotin and 3-Aminopropyltriethoxysilane in
DMSO under room temperature gave a good yield of biotinyltriethoxysilane. The NMR
("H NMR and “C NMR) data as well as high resolution mass spectra (ESI) and IR
confirmed the structure of 3 as illustrated in assignments of the spectra in Table 2A2-1 to

Table 2A2-3 along with Figure 2A2-1 to Figure 2A2-4, respectively.
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Biotinyltriethoxysilane is a white solid with moderate moisture sensitivity. In wet
CDCl; solution the white precipitate was observed during NMR measurement. The colour

turns to pale yellow when it exposes to air.

Conclusion:
1) The yield of this synthesis is ~67.3%.
2) Biotinyltriethoxysilane becomes yellow when it adsorbs moisture.

3) The melting point of biotinyltriethoxysilane is ~70°C.
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Chapter 3 Photo-flocculation of TiO, Microgel Mixed

Suspensions’

3.1  Introduction

The controlled aggregation of colloidal suspensions is important in many technologies.
For example, antibody mediated latex aggregation ! is an established technology in bio-
sensing. More recently, there have been many reports of bioassays that exploit colloidal
gold aggregation.z'7 For bio-sensing, a specific target triggers visible particle aggregation.
In other applications such as papermaking, pigment manufacture, and water treatment,
controlling colloidal aggregation is important and there are advantages in having a trigger
that can turn off colloidal stability, initiating flocculation. Traditionally, the trigger is use
of simple electrolytes; increasing salt concentration above the critical coagulation

concentration induces rapid flocculation. However, many processes cannot tolerate high

* This work has led to one published paper in Langmuir 2008, 24, 9341-9343. This
paper, Photoflocculation of TiO, Microgel Mixed Suspensions, was authored by Lu Ye,
Chuanwei Miao, Michael Brook and Robert Pelton. In this publication, the polymeric
microgel was prepared and provided by Chuanwei Miao, otherwise, all the research work

was undertaken by me.
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electrolyte loadings. Other common aggregation triggers include, pH change .

temperature change ® and addition of polymeric flocculants. 10

There are very few reports of using light to trigger nanoparticle aggregation. A
number of reports from Eastoe’s group describe the light triggered aggregation of
emulsions ', colloidal gold ', vesicle suspensions 13 and most recently silica '*. In each
case, their colloidal dispersions were stabilized by a surfactant that decomposed with

irradiation.

In this communication, we report a new light-triggered system we call photo-
flocculation. Our work exploits the photocatalytic properties of anatase (TiO3).
Fujishima and Honda showed that wet anatase generates hydroxyl, peroxy radicals and
other reactive oxygen species when irradiated with UV.">""7 These extremely aggressive
radical species efficiently oxidize organic entities, including simple hydrocarbons,
ultimately into CO,. The photocatalytic properties of anatase have been exploited to give
self-cleaning windows and antibacterial surfaces.'® Herein, we describe the use of
photocatalysis to trigger colloidal or nanoparticle aggregation by changing TiO, from a

positively charged to a negatively charged colloidal particle.

3.2 Results and Discussion
A commercial photocatalytic TiO, (Degussa P25) was derivatized with a DMSO
solution of H,N(CH,)3Si(OEt); to give an aminosilane coating.19 P25 is comprised of

80% anatase, 20% rutile 2 in the form of 0.1 pm aggregates of ~30 nm primary particles,
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giving a nonporous solid with a specific surface area of 55£15 m? g'l.16 The TiO,
particles were characterized before and after aminosilane treatment. Table 3-1
summarizes the electrophoretic mobility, particle size and surface composition (x-ray
photoelectron spectroscopy) of TiO,. Before derivatization, the titania was negatively
charged with low nitrogen and no silicon contamination. Derivatization increased the
surface silicon and nitrogen content due to the amino silane coating; our previous work
showed that these conditions give an amino group density of 16 nm™ when measured by
polyelectrolyte titration and is 19 nm? when measured by conductometric titration,
emphasizing the three dimensional nature of the amino silane treated surfaces. ' In
addition, the derivatization process gave a more complete dispersion of the TiO, particles
as evidenced by lower average particle size. Finally, UV irradiation removed most of the

nitrogen and about half of the silicon.

Electrophoresis measurements were used to follow changes in the surface
composition. Initially negatively charged titania was rendered positive by the amino
silane but reverted to negative when the surface amino groups were removed by reactive

oxygen species.

The photodecomposition of the amino silane surface layer was rapid. Figure 3-1
shows electrophoretic mobility and average particle sizes of the amino-TiO; as a function
of exposure time. Within 20 seconds exposure to UV, the sign of the electrophoretic
mobility changed from positive to negative. There appeared little further change in the
TiO, surface after 60 seconds of irradiation. The corresponding average particle size

results, also shown in Figure 3-1, suggests some aggregation occurs as the particles
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crossed the isoelectric point. Untreated TiO, is an electrostatically stabilized colloid in

2122 The absence of large-scale

water that will aggregate near the isoelectric point.
aggregation reflects the rapid transition through the isoelectric point from cationic to

anionic particles.

The photocatalytic removal of the amino groups was used to initiate flocculation of
mixed suspensions. Figure 3-2 shows a series of images from an experiment in which a
mixed dispersion of amino-TiO; and poly(vinylamine) (PVAm) microgels was irradiated
with UV. The microgels are water swollen, crosslinked PVAm particles; their properties
are summarized in the experimental section.” Like the amino-TiO, particles, the
microgels are positively charged due to a very high content of amino groups. The initial
mixed cationic suspension was colloidally stable, whereas catastrophic flocculation was
observed after 300 s irradiation (see Figure 3-2) due to the transformation of positive
TiO; into negatively charged TiO, particles which aggregated the positively charged
PVAm microgel particles. As a control experiment, PVAm microgel without TiO, did

not aggregate with UV irradiation.

Finally from a colloid science perspective, the results in Figure 3-2 are an example of a
heteroflocculation due to the electrostatic attraction between oppositely charged particles.
The major features of electrostatic heteroflocculation are well documented from both

125 26

theoretical ** and experimenta perspectives. The novel feature of our work was that

cationic particles were converted into anionic particles in situ by light.
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3.3 Experimental

AEROXIDE® TiO, P 25 was donated by Degussa Corporation (Parsippany, NJ, USA).
3-Aminopropyltriethoxysilane (APTS), hexamethyldisilazane, chlorotrimethylsilane,
anhydrous methyl sulfoxide and anhydrous N,N-dimethylformamide were purchased from
Aldrich and used as received. Potassium nitrate solution (1.0 mM, pH=7.4+0.2) was
prepared by dissolving 0.1011 g KNO; in 1L MilliQ water. MilliQ water was used to

wash samples and to prepare the buffer.

PVAm microgel was prepared by precipitation polymerization of N-vinylformamide
in methyl ethyl ketone followed by hydrolysis in an alkali condition. Further details have
been published elsewhere.> At pH 7 in 5 mM NaCl, the gels had an average diameter of

1.5 pum, a dispersity (D90-D10/D50) of 3.14 and a water content of 96 wt%.

TiO,—NH, preparation. A 500 mL flask was degassed with pure, dry N, and charged
with TiO, (0.3 g, 3.756 mmol) and anhydrous DMSO (200 mL). The particles were
dispersed in anhydrous DMSO using ultrasonication for 10 min. Afterward, APTS (1.5
mL, 6.346 mmol) was injected into the flask. After stirring at 85 °C for 16 h, the solid
particles were deposited by centrifugation and then washed with anhydrous DMSO (3 x
180 mL). The TiO, particles were dispersed in anhydrous DMF (150 mL) using
ultrasonication for 5 min and then were cured in the presence of 100 pL
hexamethyldisilazane and 10 pL chlorotrimethylsilane in a nitrogen stream at 120 °C for

2 h. After curing, the TiO; particles were washed with anhydrous DMF (3 x 180 mL) and
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then MilliQ water (3 x 180 mL). Finally, the particles were dried in vacuo at 65 °C for

the measurements.

UV Irradiation. A Black-Ray® XX-15BLB UV Bench Lamp (365 nm) was applied as
the light source in the photodegradation of aminosilanized TiO, nanoparticles assay. The
intensity of UV irradiation was measured by a Traceable® Ultra Violet Light Meter
(VWR). An incident intensity of 23 W m™ to the surface of the TiO, suspension was
controlled by adjusting the position of the light source. 1.5 mL of untreated TiO,
suspension (0.5 mg/mL) or aminosilanized TiO; (0. 5 mg/mL) in KNOj solution (1mM,
pH = 7.4 + 0.2) were placed in a sealed quartz 3.5 mL cuvette containing a magnetic
stirring bar. The stirred sample was exposed to short periods (5s, 10s, 15s, etc.) of UV
illumination. ~ After each exposure, samples were removed for particle size and
electrophoresis measurements. The pH value of the solution did not change as a

consequence UV illumination.

Electrophoretic mobilities were measured with a ZetaPlus Zeta Potential Analyzer
(Brookhaven Instruments Corp.) using the phase analysis light scattering mode. The
samples were dispersed in KNO; solution (ImM, pH = 7.4 + 0.2) at a concentration of
0.04 mg/mL. The error bars of the electrophoretic mobilities represent the standard error

of the mean value of 10 runs (15 cycles per run).

Particle size distributions were measured with a Mastersizer 2000 (Malvern
Instruments). Samples were dispersed in KNOj solutions (1 mM, pH = 7.4 + 0.2) that

were filtered with a 0.2 pm filter disc prior to use to remove dust.
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For the heteroflocculation experiments, 2.5 mL of mixed suspension of TiO,-NH; (0.2
mg/mL) and PVAm microgel 0.2mL (0.34 wt%) dispersed in Im M KNOs at pH 7.4, was
irradiated (23 W m.?) in a quartz cuvette. The irradiation was interrupted at 1 min

intervals and photographs were taken.
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Electrophoretic mobility
(x10®% m* Vs) in 1 mM

Size (volume  XPS result (Atom %)

weighted mean

KNO3;pH 7.4 +£0.2 diameter pm) N Si Ti
Untreated P25 1.0440.17 4.65 05 0 264
T102
Aminosilanized
P25 TiO, 3.18 £ 0.09 1.61 35 32 21.1
Aminosilanized
P25 TiO; after -1.61+0.11 4.01 04 1.8 253

UV illumination

Table 3-1 Properties of untreated, aminosilanized P25 TiO, and aminosilanized P25

TiO; after 5 min UV illumination
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Figure 3-1 Electrophoretic mobility and particle size of titania treated with amino silane

as a function of UV irradiation time.
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Figure 3-2 Photograph of mixed suspension of TiO, -NH; and PVAm microgel before
and after UV irradiation.
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Chapter 4 Selective flocculation and killing of Escherichia coli

with antibody coated photocatalytic TiO,’

4.1 Introduction

The use of photocatalytic TiO; for killing pathogens has been extensively studied since
the first work done by Matsunaga, Tomada, Nakajima and Wake in 1985." Under near
UV irradiation (<380nm), TiO; generates reactive oxygen species (ROS).** These ROS
are extremely aggressive, being capable of oxidizing cell membranes’ or damaging
DNA/RNA molecules® ” to lead to the death of pathogens. However, the short lifetime of
ROS> ® results in short effective diffusion lengths and low pathogen killing efficiency.
Kawahara and Tatsuma’s experimental results suggested that ROS can diffuse as far as

50-70 pm through the vapor phase.” '® However, in Kikuchi’s report, it is also pointed

" This work will result in one paper, entitled, Selective flocculation and killing of Escherichia coli with
antibody coated TiO,, authored by Lu Ye, Robert Pelton, Carlos Filipe, Hai Wang, Luba Brovko, and
Michael Brook. The paper is currently being prepared, and will be published soon. In this paper,
knowledge related to Pseudomonas putida was provided by Hai Wang and Luba Brovko. This contribution
makes them co-authors. The treatment of bacteria was guided by Carlos Filipe, which makes him a
coauthor. While the research benefitted from the information provided by these researchers, all the research
was undertaken by me.
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out that 50 um was too far for hydroxyl radicals to travel and they thus concluded that the
active long-range bactericidal disinfection agent was H>O» generated by the coupling of

hydroxyl radicals."!

Therefore, reducing the distance between the photocatalytic TiO,
and the target bacteria is the key to improve the photodisinfection efficiency of UV-TiO,
system.

TiO, has been reported to be an effective disinfection agent to kill a variety of
microorganisms including viruses, bacteria, protozoa, and fungi.12 However, depending
on the application, it is not always wise to kill all the microorganisms around us because
some microorganisms are beneficial to humans. For instance, Pseudomonas putida (P.
putida), which lives in soil, can clean up the pollutants in soil'> ' and even protect some
plants from certain plant diseases.'> That is to say, humans cannot survive without certain
microorganisms. On the other hand, we need to remove or kill many pathogens in our
environment. Therefore, there is a need to achieve selective disinfection of certain
microorganism, while keeping others alive. However, selective photodisinfection of
bacteria using TiO, has rarely been reported. This is probably due to the difficulty of
effectively delivering TiO; to the targeted microorganisms, in another words, there are no
biological, chemical or physical interactions between TiO, and microorganisms that can
be used to control the selectivity of disinfection. We hypothesized that coupling targeting
biomolecules (for instance, antibodies that are responsible for specific binding to the

target bacteria) to photocatalytic TiO, surfaces, promotes the specific binding of catalyst

to the target bacteria, and leads to selective photodisinfection under band-gap irradiation.
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There are two main challenges involved in this work. One lies in effectively attaching
antibodies to photocatalytic TiO, surfaces. Although many studies on the fabrication and
applications of antibody conjugated particles, such as Si0,,'¢ gold,'” ' silver," magnetic

20, 21

nanoparticles, and latex,” have been reported, very few samples about antibody

2 In her

conjugated TiO, particles have been explored except the work done by Xu.
report, antibodies were physisorbed to TiO, nanoparticles and these modified TiO,
nanoparticles showed a high efficiency of killing cancer cells, depending on the
recognition effect of antibodies on TiO; surfaces. However, the physisorptive method for
the preparation of biomolecules coated particles has some disadvantages: 1) some
undesired molecules may occupy parts of the particle surfaces due to the nonspecific
adsorption; 2) electrostatic force can deform the spatial structure of the biomolecules,
which is important in maintaining the biofunctions of biomolecules; 3) the strong
dependence of the physisorptive process on local environmental conditions such as pH
values, salt concentrations, temperature and agitation results in limited applications and
poor reproducibility.** %

Our solution is to use streptavidin/biotin complexation (K,=10" M™) 2?7 to couple
biotinylated E. coli antibody with biotinylated photocatalytic TiO, colloidal particles.
Biotinylated E. coli antibody is commercial product. Streptavidin/biotin complexation is
well known for their super stable binding, being able to withstand high temperatures (up
to 132 °C), extreme changes in pH (2-13), organic solvents and even some denaturing

agents such as 8M guanidine-HC1.**?® This work is base on our previous work, in which

biotinylated TiO, particles have been obtained by treating TiO, nanoparticles first with 3-

102



PhD Thesis — Lu Ye McMaster — Chemical Engineering

aminopropyltriethoxysilane and then with N-hydroxysuccinimidobiotin and the
bioconjugation of streptavidin with biotinylated TiO, has been demonstrated and studied.
2 In this work, biotinylated E. coli antibodies were conjugated with streptavidin-
biotinylated TiO, particles to prepare antibodies coated photocatalytic TiO; particles.

The other challenge is identification of different bacteria in a mixed bacterial
suspension. In the selective photodisinfection experiments, two classes of bacteria are
used: E. coli K12 as the target bacteria and P. putida as the control bacteria. These two
classes of bacteria are similar in their appearances. We adopted a special culture medium,
E. coli/Coliform count plate (Petrifilm™, 3M™),*® to identify E. coli from other non-E.
coli/Coliform bacteria such as P. putida. On these plates, after the bacteria are cultured at
37 °C for 48 h, only those E. coli colonies will grow with visible trapped bubbles,
whereas non-E. coli/Coliform bacteria such as P. putida colonies will not grow with
bubbles. Thereby, E. coli colonies can be identified simply by this characteristic.

In the present work, we report a strategy for the selective flocculation and disinfection
of bacteria for the first time by using photocatalytic titania conjugated with a special
targeting antibody. Two elements are required: the preparation of antibody conjugated
TiO; nanoparticles and their application in a mixed bacterial suspension containing the
targeted bacteria and the control bacteria. The antibody attached to TiO; surfaces is
expected to promote deposition of the TiO, particles onto the surface of the target bacteria.
Our work revealed the feasibility of using explicit antibody conjugated TiO;
nanoparticles to selectively kill the targeted bacteria using UV while keep other bacteria

alive.
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4.2 Experimental Section

4.2.1 Materials

TiO, particles (anatase, 3.9x10° kg/m’, 99+ %) were purchased from Aldrich and used
as received. The anatase particles have been characterized in our previous work ® The
specific surface area (SSA) of TiO; particles, which is 16.0x10° m?/kg, was obtained on a
Quantachrome Nova 2200 by nitrogen absorption. Biotinylated TiO, nanoparticles were
prepared by treating TiO, nanoparticles with 3-aminopropyltriethoxysilane (APTS) in
anhydrous DMSO, followed by reaction with N-hydroxysuccinimidobiotin (Scheme 4-1),
as described in our previous work.” Streptavidin from Streptomyces avidinii and atto-
610-streptavidin were purchased from Fluka and used as received. Biotin was purchased
from Sigma and used as received. Biotinylated E. coli antibody (ab20640) was purchased
from Abcam. Plasmid pCA24N carries the gene coding for a green fluorescent protein
(GFP) variant, which has enhanced excitation at 488nm.>" Escherichia coli (E. coli) K12
stain DH5a (Invitrogen, Burlington, Canada) was cultured according to the standard
protocol. Luria-Bertani (LB), used as the media for E. coli culture, contains 10 g of
tryptone (EMD), 5 g of yeast extract (EMD), and 10 g of NaCl (Aldrich) per liter.
Antibiotic chloramphenicol was purchased from Fluka and prepared at a concentration of
34pg/mL in dry ethanol. Isopropyl B-D-1-thiogalactopyranoside (IPTG) (Fermentas,
Burlington, ON, Canada) was used to induce expression of green fluorescent protein in E.
coli. Pseudomonas putida (P. putida) strain LV 2-4 (culture: CRIFS C852) was kindly

provided by Dr. Luba Brovko from the Univeristy of Guelph. Phosphate Buffered Saline
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(PBS) buffer (137 mM NaCl, 2.7 mM KCl, 4.2 mM Na,HPO4, 1.4 mM KH,PO4, pH 7.0)
was autoclaved before use. MilliQ grade water (equipment) was used for preparing all
the aqueous solutions. E. coli/coliform count plates (Petrifilm™) were purchased from

3aM™ company and used according to the manufacturer's instructions.

4.2.2 Experiments

1) Cell culture

E. coli K-12 stain DHSa (Invitrogen, Burlington, Canada) was transformed with
plasmid pCA24N, and inoculated into fresh sterilized autoclaved Luria-Bertani (LB)
media supplemented with 0.1% chloramphenicol solution (34pg/ml) from a single colony
and grown up aerobically (37 °C, 180rpm) to get an ODggp of 1.0. For the case in which
green fluorescent protein (GFP) is needed, IPTG was added, with a final concentration of
0.5mM, into the media to induce expression of GFP, when ODgq reached 0.6-0.8.

P. putida 1V 2-4 (culture: CRIFS C852) was kindly provided by Dr. Luba Brovko
from the University of Guelph. P. putida was cultured in the same conditions as E. coli
except that the temperature was set at 30 °C.

Phosphate Buffered Saline (PBS) buffer (137 mM NaCl, 2.7 mM KCI, 4.2 mM
Na,HPO4, 1.4 mM KH,PO,, pH 7.2) was autoclaved before use. After culture, both
bacteria were collected separately by centrifugation at 8500 rpm for 10min. The
harvested cell pellet was dispersed in PBS buffer and centrifuged again. This wash
process was repeated 3 times, for completely removal of the culture broth. Finally the

two resulting pellets were separately resuspended and diluted to cell density of 3.8x10°
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colony forming units per mL (CFU/mL) in sterile PBS buffers. These culture solutions
were stored at 4°C for the further use in the photodisinfection experiments. The colony
forming unit counts per mL were tested by spread plate method using regular E. coli LB-

agar media.

2) Preparation of E. coli antibody conjugated TiO colloidal particles (EA TiO;) and
control particles including untreated TiO, colloidal particles and streptavidin-
biotinylated TiQO; colloidal particles

(a) Biotinylated TiO, preparation.

A 500 mL flask was degassed with pure, dry N, and charged with TiO, (12 mg, 0.15
mmol) and anhydrous DMSO (50 mL). The particles were dispersed in anhydrous
DMSO using ultrasonication for 10 min. Afterward, APTS (0.1 mL, 0.423 mmol) was
injected into the flask. After stirring at 85 °C for 5 h, the solid particles were deposited
by centrifugation and then washed with anhydrous DMSO (3 x 180 mL) to remove the
excess APTS. After washing, the particles were dispersed in anhydrous DMSO (50 mL)
again and cured in a nitrogen stream at 120 °C for 8 h. After curing, the TiO, particles
were allowed to react with N-hydroxysuccinimidobiotin at room temperature for 3 h.
Finally, the solid particles were washed with anhydrous DMSO (3x180mL), followed by
MilliQ water (3x180mL), and then dried in vacuo at 65 °C to remove the residual
solvents.

(b) EA TiO2 and streptavidin-coated TiO2 preparation.
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The biotinylated TiO, particles (1.2 mg) were dispersed in 3 mL of PBS buffer (pH 7)
through ultrasonication (Bransonic Ultrasonic cleaner Model: 3510R-DTH, Branson
Ultrasonic Corporation USA) for 2 min. Streptavidin solution at a concentration of 0.5
g/l was prepared by dissolving lyophilized streptavidin in the same PBS buffer as
described above. The streptavidin solution (2mL) and the biotinylated TiO, suspension
(3mL) were then mixed and agitated at room temperature for 1 h in dark. After that, the
particles were deposited by centrifugation at 12000rpm for 10 min. The absorbance value
of the supernatant liquid was tested at 282nm using a UV-vis spectrum. Then the
particles were washed according to a fixed procedure: 1) disperse particles in 3mL PBS
buffer by ultrasonication for 2 min; 2) deposit particles by centrifugation at 12000rpm for
10 min; and 3) test the absorbance value of the supernatant liquid at 282nm, and remove
the supernatant liquid. The washing process was repeated until the absorbance value
reached the baseline (£0.0005), the absorbance of the blank PBS buffer, indicating that
the unbound streptavidin molecules had all been washed off from the biotinylated TiO,
colloidal particles. After that, the preparation of streptavidin-biotinylated TiO, colloidal
particles was complete (Figure 4-1). The density of the attached streptavidin on TiO,
surfaces could be calculated using Equation 1.

The streptavidin-coated TiO, colloidal particles (1.2 mg) were then mixed with
biotinylated E. coli antibody (60 pg) in ImL PBS buffer at pH 7 for 1 h in dark to prepare
E. coli antibody conjugated TiO; colloidal particles (EA TiO,) (Figure 4-1). The ratio of
streptavidin-coated TiO;, colloidal particles to biotinylated E. coli antibody for EA TiO,

preparation was determined by an experiment, described as below. First, 1.2 mg
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streptavidin-coated TiO; colloidal particles were dispersed in 1 mL of PBS buffer through
ultrasonication for 2 min. Then, following each addition (3uL, 4 g/L) of biotinylated E.
coli antibody solution to the streptavidin-coated TiO, colloidal particles suspension, the
system was agitated for 20 min in dark, and then centrifuged at 12000rpm for 10 min.
The absorbance value of the supernatant liquid was then tested at 280nm. The process of
addition-agitation-centrifugation-testing was repeated until the absorbance value was
higher than 0.004, indicating the addition of biotinylated E. coli antibody was slightly
overdosed (3 ug biotinylated E. coli antibody in the supernatant liquid of the solution)
for coupling with 1.2 mg streptavidin-coated TiO, in ImL PBS buffer. This experimental
results showed that 60+14 pg of biotinylated E. coli antibody was an appropriate dose for
conjugating with 1.2 mg streptavidin-coated TiO, particles to prepare 1.2 mg EA TiO,
particles.

In the present work, both untreated TiO, particles and streptavidin-coated TiO,
particles were used as the control TiO; specimens. Furthermore, during the preparation
of EA and streptavidin-coated TiO, particles, atto-610-streptavidin could be used instead
of streptavidin to allow the particles enable to be excited at wavelength of 610nm

therefore to emit red fluorescence light.

3) Binding of bacteria with EA TiO, or control TiO,

All suspensions, including E. coli at ODgoo=1, P. putida at ODgp=~0.1 and all TiO,

specimens (at a concentration of 0.4 g/L), were prepared in PBS buffer (140mM, pH 7.0)
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for the binding and control experiments. The materials used in the binding and control
experiments were summarized in Table 4-1.
The binding experiment

1 mL of E. coli suspension and 1 mL of EA TiO; suspension were mixed on a shaking
table (Barnstead/ Lab-Line USA Model No. 4633) at a speed of 120 rpm for 1 h in dark.
The mixed suspension was then observed under a confocal microscope and scanning
electron microscopy. After keeping the mixture untouched for 2 h, the supernatant liquid
was observed under an optical microscope, while the sediments were also observed under
both optical microscope and scanning electron microscope.
The control experiments

There are five control experiments using different TiO, specimens or different
bacteria (Table 4-1). All of these controls were done and tested exactly as above, except
that the omitting of the confocal microscopy observation for the control 1, 3-5, in which
either P. putida was used instead of E. coli or untreated TiO, was used instead of EA or

streptavidin-coated TiO,.

4) Photodisinfection experiments.

All photodisinfection experiments were carried out in a laminar airflow hood after
proper sterilization at room temperature. The various mixtures contain P. putida (0.1mL,
3.8x10® CFU/mL), E. coli (0.1mL, 3.8x10® CFU/mL), and TiO, (0.1mL, 0-0.4 mg/mL)
(Table 4-2). The initial concentrations of bacteria suspensions were roughly controlled

by diluting the bacterial suspension to the desired ODggo values. The corresponding
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ODg¢qo values for E. coli and P. putida at a concentration of ~3.8x10% (CFU/mL) are ~1.0
and ~0.1, respectively. In each batch of experiments, a control experiment for indicating
the initial concentrations of viable bacteria were carried out. By the plate counting
method, the initial concentrations of viable bacteria were obtained and then adjusted to be
3.8x10% (CFU/mL) to enable all of data on bacterial concentrations comparable from the
same original concentration.

The mixtures were mixed completely and then placed separately in each well of 48
wells (multiwell cell culture plate, BD Falcon™) and lidded. A Black-Ray® XX-15BLB
UV Bench Lamp (365 nm) was provided as the light source in the photodisinfection
experiments. The light was given from top with an incident intensity of 5.8 W m™ to the
surface of the mixtures. The intensity of UV irradiation was measured by a Traceable®
Ultra Violet Light Meter (VWR). These mixtures were exposed to UV irradiation for
certain time (0, 1, 2 h), without or with agitation. After each exposure, samples were
diluted with sterile PBS buffer with appropriate dilution multiples (dilution multiples vary
from 10%-107, depending on the extent of killing) for easily and clearly numbering the
subcultured bacterial colonies on plates). From each diluted solution, an aliquot (0.1mL)
of the solution was inoculated into E. coli LB-agar medium plates and another aliquot (1
mL) into the E. coli/coliform count plates (Petrifilm™, 3M™). The solution on each
plate was spread, and then the inoculum was kept for colony growth at 37 °C for 48 h.
After 48 h, E. coli colonies on E. coli/coliform count plates were identified and numbered
(as E) by the characteristics of trapping with bubbles, according to the manufacturer's

instructions. The total colonies of E. coli and P. putida on E. coli LB-agar medium plates
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were also numbered and the data were multiplied with 10 to represent the total colonies of
E. coli and P. putida (as T). The difference between these two data represents the number
of P. putida colonies (as P, P=T-E). Multiplication with the dilution folds, the cell
densities (CFU/mL) of both of E. coli and P. putida after photodisinfection in the

mixtures were obtained.

4.2.3 Measurements

The size and size distribution of TiO, particles were obtained on a Mastersizer 2000
(Malvern Instruments). EA TiO, (6 mg L), untreated TiO (3.6 mg L), or streptavidin-
coated TiO; (6 mg L") was dispersed in PBS buffer (140mM, pH 7) using ultrasonication
for 2 min before measurements. A higher concentration was used for EA and
streptavidin-coated TiO, suspensions because their refractive indices are lower than that
of TiO; starting material. PBS buffer was filtered with a 0.22 um filter disc to remove
dust before use.

UV-vis absorbances of samples were measured on a UV-vis spectrum (Beckman
Coulter DU800 Spectrohotometer, Software version 2.0). For quantifying the
concentration of streptavidin, the extinct coefficient value was obtained (3.4 L/g) by
plotting the absorbance values at 282 nm wavelength vs. the known concentration of
streptavidin.

Scanning electron microscopy (SEM) images were obtained on a JEOL JSM-7000F
scanning electron microscope. All specimens were washed then diluted by MilliQ water.

After drying on aluminum stubs, samples were sputter-coated with gold and observed.
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Confocal microscopy images of GFP E. coli, EA and streptavidin-coated TiO, (both
labeled with atto-610-streptavidin) in PBS buffer were obtained on Zeiss LSM 510
confocal microscope.

Electrophoretic mobilities of bacteria, all TiO, specimens were measured on a
ZetaPlus zeta potential analyzer (Brookhaven Instruments Corp.) operating in phase
analysis light scattering mode. Measurements were performed in PBS buffer (140 mM,
pH 7). The mean and standard deviation (see Table 4-3) were calculated from 10 runs
(15 cycles per run).

Optical microscopy images were obtained on a Zeiss EL-Einsatz microscope equipped

with a QICAM QImaging camera.

4.3 Resuits

TiO, is well known to generate ROS proximal to the particle.> %32 We therefore
hypothesized that exposure to UV would lead to the effective and preferential killing of
those bacteria directly tethered to the TiO, particle. By contrast, other bacteria present
should not be affected except by adventitious proximity. To examine this proposal, we
prepared a series of targeted TiO, particles and examined the specificity of binding and
killing in bacterial mixtures in the presence of UV light.

EA TiO,, i.e. E. coli antibodies coated photocatalytic TiO, particles, were fabricated
by a novel method developed in the present work. First, biotinylated TiO, nanoparticles

were obtained by treating TiO, with H,N(CH,);Si(OEt); and then N-
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hydroxysuccinimidobiotin in a DMSO solution.?’ These biotinylated TiO, nanoparticles
were bioconjugated first with streptavidin and then biotinylated E. coli antibody in PBS
buffer to give an E. coli antibody coating (Figure 4-1). During this modification process,
streptavidin-coated TiO, was also prepared, if coupling biotinylated E. coli antibody is
omitted. In this work, EA TiO, was used as the biofunctionalized catalyst, while both of
untreated TiO, and streptavidin-coated TiO, were used as the control TiO, particles. Two
classes of bacteria, Escherichia coli (E. coli) K-12 stain DHS0, and P. putida LV 2-4,
were employed in this work. The former was used as the target bacteria and the latter was
the control. All of the TiO, samples and bacteria were characterized in their surface
biomolecules densities (only for EA and streptavidin-coated TiO,), surfaces charges and

sizes.

Characterization of TiO, specimens (EA TiO;, untreated TiO, and streptavidin-

coated TiO;) and bacteria (E. coli and P. putida)

1. Densities of streptavidin on streptavidin-coated TiO; and E. coli antibody on EA TiO,
The density of E. coli antibodies on EA TiO, surfaces plays a significant role in
promoting the binding and killing of the target bacteria, as E. coli antibody molecules are
responsible for recognizing and binding to the antigen, E. coli. The density of antibodies,
however, depends on the density of streptavidin on streptavidin-coated TiO, surfaces.
In the preparation of streptavidin-coated TiO, colloidal particles, large excesses

streptavidin molecules were added to the biotinylated TiO, colloidal suspension to
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achieve the maximum attachment. Then the unbound streptavidin molecules were
removed in the washing process. By measuring the residual streptavidin in the solution,
the quantity of bioconjugated streptavidin was obtained and the density of bioconjugated
streptavidin on streptavidin-coated TiO, was calculated to be ~0.02/nm* (Equation 1).

For the preparation of EA TiO, particles, biotinylated E. coli antibody molecules were
added to streptavidin-coated TiO, colloidal solution with many discontinuous tiny doses
to meet the maximum attachment. Addition of antibody was stopped when the presence
of antibody was detected by testing the UV absorbance of the supernatant liquid,
suggesting the added antibody was slightly excessive for coupling with streptavidin-
coated TiO; colloidal particles in the solution. The accuracy of this test method is limited
by the sensitivity of E. coli antibody in solution to UV absorbance, however, enough for
finding the appropriate amount of antibody for preparing EA TiO, in this antibody
attachment experiment. Our experimental results showed that 60+14 pg of antibody was
appropriate for coupling with 1.2 mg of streptavidin-coated TiO; to give 1.2 mg EA TiO,
particles. The density of conjugated antibody on EA TiO; could be then calculated to be
~0.015/nm? (Equation 2).

2. Electrophoretic mobilities

The electrophoretic mobilities of EA TiO,, untreated TiO,, streptavidin-coated TiO,, E.
coli and P. putida are (-1.76 + 0.07) x 10® m*/Vs, (-1.82 + 0.12) x 10® m%/Vs, (-1.43 +
0.22) x 10 m?*/Vs, (-1.37 £ 0.09) x 10 m*Vs and (-1.49 + 0.12) x 10® m%Vs in PBS
buffer (140 mM, pH 7), respectively, indicating that TiO, specimens and both bacteria

used in the present work were all negatively charged (Table 4-3).
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3. Sizes

The size and size distribution of TiO, specimens were measured by Fraunhofer
diffraction. The data showed that the mean size of TiO, colloidal particles increased after
each step of surface modification including biotinylation, conjugation of streptavidin and
conjugation of biotinylated E. coli antibody (Figure 4-2). In 140mM PBS buffer at pH
7.0, untreated TiO; colloidal particles showed an average size of 1.55 um and a dispersity
(D90-D10/D50) of 1.822. After biotinylation, the average size became 1.592 and the
dispersity became 1.938. After streptavidin and then antibody bioconjugations,
streptavidin-coated TiO, colloidal particles showed an average size of 1.83um and a
dispersity of 1.800, and EA TiO; colloidal particles had an average size of 2.88um and a
dispersity of 4.977. However, according to SEM and the MSDS of the sample, the
particle size distributions of the TiO, used in this work were mainly in the range of 50-
200nm (Figure 4-3).

Our SEM observation showed that the size of the majority of E. coli K12 bacteria is
(0.5-1.0) um x (1.5-2) um and P. putida LV 2-4 bacteria have a similar size (Figure 4-4).
4. Fluorescence

Fluorescence labeled EA and streptavidin-coated TiO, particles in PBS buffer both
give red fluorescence (Figure 4-3b and d), while GFP E. coli give green fluorescence

(Figure 4-4b), observed with confocal microscopy.
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Selective binding (flocculation) of EA TiO; to E. coli

EA TiO; particles, prepared by the above-mentioned method, were mixed with E. coli
bacteria in PBS buffer to examine the specific adhesion. A series of control experiments,
including EA TiO; mixed with P. putida, streptavidin-coated or untreated TiO, mixed
with E. coli or P. putida, were also performed (Table 4-1). The experimental results
showed that only EA TiO, particles bound to the surfaces of E. coli bacteria (Figure 4-5),
whereas no binding was found in any of the control experiments (Figure 4-6). Besides
the specific binding, it was also found EA TiO, underwent flocculation with target
bacteria, E. coli (Figure 4-7a). Through careful observation, it can be roughly estimated
that the flocculation will form as the ratio of added EA TiO; particles to E. coli bacteria is
over ~50. When this ratio is in excess to ~200, the most of the E. coli bacteria in the
mixture were flocculated and eventually precipitated with EA TiO; particles, as
evidenced provided by optical microscopy: very few E. coli cells were found in the
supernatant liquid (Figure 4-7b), whereas in controls, many E. coli bacteria were
observed in the supernatant liquid and the sediments were found to be consist of mainly
TiO, particcles (Figure 4-7 c-d). Furthermore, the sediments of the mixture of E. coli and
EA TiO; in the binding experiment looked quite different from those in the control
experiments. The sediments in the binding experiment were light yellowish and

inhomogeneous, whereas those in the controls were very white and homogeneous (Figure

4-8).

Bacterial Response to UV
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A bacterial mixture containing E. coli K-12 (the target bacteria) and P. putida LV 2-4
(the control bacteria) was employed in this work. These two different bacteria were both
contained in 0.3mL PBS buffer at a same concentration (CFU/mL=3.8><108) for easily
comparing the efficiency of killing of each bacteria after exposure to UV. The original
concentrations of bacteria both can be roughly controlled by diluting the bacterial
suspensions (CFU/mL) to certain ODggy values, according to the calibration curves
plotted by the bacterial concentration against ODgg values (Figure 4-9). For CFU/mL of
~3.8><108, the corresponding ODggo values for E. coli and P. putida are ~1.0 and ~0.1,
respectively. The real original concentrations of bacteria for each experiment were
detected by plate counting method and all the data obtained from the same batch
experiment were adjusted to be performed from the same original bacterial concentrations.

In photodisinfection experiments, the bacterial mixture was mixed with TiO, colloidal
particles completely to obtain the specific binding/flocculation before UV irradiation was
given. The mixture containing E. coli, P. putida and EA TiO, particles was then exposed
to 365nm irradiation at an intensity of 5.8 W/m® for certain time period to achieve
photodisinfection. The survival numbers of each class of bacteria were then obtained by
plate counting method after subculture and compared with the results obtained from the
control experiments, in which control TiO, specimens were omitted or used instead of EA
TiO,, to examine the preference of photodisinfection. The recipes are summarized in

Table 4-2.

Determination of the optimum number ratio of particles to E. coli bacteria
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Prior to testing the responses of bacteria to UV in the present of EA TiO; particles, a
variety of survey experiments were used to optimize the number ratio of particles to E.
coli bacteria for maximizing photodisinfection selectivity. The impact of the number
ratio of particles to E. coli (or P. putida) bacteria on the selectivity of killing bacteria was
studies and the results were shown in Figure 4-10. It can be seen from this figure that EA
TiO, and control TiO, specimens showed a similar low efficiency of killing P. putida.
Besides, a much larger fraction of E. coli was killed than that of P. putida even with the
control TiO; particles (without antibodies on the surfaces), suggesting the more sensitive
response of E. coli to UV-TiO; system than P. putida. Considering these characteristics,
the efficiency and selectivity of photodisinfection with EA TiO, were evaluated based on
the deduction of the effects of killing with control TiO,. Since the photodisinfection
experiments were carried out in the bacterial mixture containing E. coli and P. putida at a
same original concentration, the preference of killing E. coli over P. putida with EA TiO,
was evaluated by BSE-BSC. Herein, “BSE” refers to the preference of Bacterial Survival
with EA TiO,, which was calculated by log(viable P. putida bacteria conc. with EA TiOy/
viable E. coli bacteria conc. with EA TiO,). “BSC” refers the preference of Bacterial
Survival with Control TiO,, which was calculated by log (viable P. putida bacteria conc.
with streptavidin-coated TiO,/ viable E. coli bacteria conc. with streptavidin-coated TiO,).
Viable Bacteria concentration is represented by cell density (CFU/ml - colony forming
units per milliliter). When the value of BSE-BSC equals to zero, it shows no difference
in preference of killing bacteria with EA TiO, and with control TiO,, i. €. no selectivity at

all. Increasing of this value suggests increasing of selectivity.
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Figure 4-10 shows that the maximum selectivity could be achieved when the number
ratio of particles to E. coli bacteria reaches ~26. Further increasing this ratio increased

the efficiency of killing of E. coli, however, decreased the selectivity.

Influence of agitation on selectivity of photodisinfection

In most of studies and applications related to use TiO, particles to kill pathogens in
solution, agitation of solution is necessary to maintain stable photocatalytic disinfection
because TiO, particles precipitate fast. **>° In agreement with these reports, we also
found that agitation is necessary to maintain stable antibacterial effect in our control
experiments, in which there is no specific targeting biomolecule involved. However, in
our selective photodisinfection experiments with using EA TiO,, agitation of solution was
found to give a negative effect on the efficiency of killing E. coli bacteria. The impact of
the speed of agitation on the killing of both bacteria with EA TiO, or with the control
TiO, was studied and the results were shown in Figure 4-11. The modified Reynolds
number (Re) of the agitated solution was calculated by Equation 3, according to the study

on agitation systems done by McCabe et al.*®

It can be seen from Figure 4-11 that
agitation did not significantly affect the efficiency of killing P. putida. For killing E. coli,
slight agitation at a low modified Reynolds number (Re <12) did not affect the efficiency
greatly. However, once Re is over 12, the efficiency starts to decrease drastically, and
finally reaches the same level of that using the control TiO, when Re is in excess of ~38.

In the photodisinfection experiments, it was also found that agitation did not affect either

the efficiency or the selectivity of inactivation if light is not offered (Table 4-4). Finally,
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after exposure to UV for 2h with agitation (Re >25), the solution was then observed
carefully and the flocculation of bacteria and EA particles (as mentioned-above) was

found to be disappeared.

UV irradiation time of selective photodisinfection

Two classes of bacteria and EA TiO; at the optimum ratio (TiO./E. coli=26) were
mixed completely and then exposed to UV light (365 nm, 5.8 W m™) without agitation
for different time periods (0, 1, 2 h). After UV irradiation, the resulting mixtures were
diluted with PBS buffer, and then subcultured on LB-agar plates and E. coli/coliform
count plates (Petrifilm™, 3M™). The colonies of E. coli were identified on the E.
coli/Coliform count plates, and the total colonies of E. coli and P. putida were numbered
on LB-agar plates by the regular plate counting method.

Table 4-4 shows that there is no bactericidal effect on either E. coli or P. putida in the
dark in the absence of TiO, or in the presence of different TiO, within 2 h in the mixed
suspensions. This is not a surprising result since TiO; is a stable, non-toxic and non-
soluble photoactive solid that will generate ROS only if band-gap irradiation is provided.
The inactivation of E. coli under UV irradiation in the absence of TiO, is very low
(Figure 4-12), suggesting the experimental condition associated with UV light (365nm
irradiation at an intensity of 5.8 W/m?) does not act on killing bacteria effectively alone.

Figure 4-12 also shows the response of the two types of bacteria in the mixtures to UV
irradiation as a function of the TiO, particles present. Particles that possess the E. coli

antibody are expected to preferentially bind to available E. coli, which will then be most
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susceptible to oxidative cleavage. By contrast, P. putida should be much less affected:
these organisms will have not particular affinity for the particles and will only be killed
by adventitious proximity during irradiation. The results matched these expectations: E.
coli cells were killed effectively (from 3.8x10® CFU/mL to 6.5x10° CFU/mL after 1 h of
UV irradiation, and to 3.7x10* CFU/mL after 2 h of UV irradiation) only with EA TiO,
particles. By contrast, the concentrations of surviving P. putida were similar to those in
the control experiments (from 3.8x10® CFU/mL to 3.2x10® CFU/mL after 1 h of UV

irradiation, and to 1.1x10® CFU/mL after 2 h of UV irradiation).

4.4 Discussion

Preparation of EA TiO;

For the first time, antibody conjugated TiO; colloidal particles are prepared by using
biotin-streptavidin bioconjugation rather than physisorption. This route of preparing EA
TiO, nanoparticles represents a general method for fabricating TiO, colloidal particles
conjugated with a variety of bio-molecules by simply attaching the desired biotinylated
bio-molecules to biotinylated TiO, surfaces via biotin/streptavidin complexation.

In our previous work, the conjugation of streptavidin with biotinylated TiO, colloidal
particles has been demonstrated by fluorescence-based observation and the feasibility of
attaching other biotinylated biomolecules to the streptavidin-coated TiO; colloidal
particles has been also revealed.” In the present work, streptavidin-coated TiO; particles

with the diameter within 50-200nm were fabricated. The density of conjugated
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streptavidin was tested by the measurement of UV absorbance of the residual streptavidin
in solution after washing process to be ~0.02/nm’. Huang tested the densities of
streptavidin adsorbed on polystyrene latex with a diameter of 272nm and the biotinylated
DNA on the streptavidin-coated polystyrene latex by fluorescence-based quantification
measurement.’” In Huang’s report, it is showed that streptavidin was adsorbed to
polystyrene latex at coverage of 0.048/nm’ and biotinylated DNA was bound to
streptavidin-coated polystyrene at a density of 0.12 per one streptavidin. Huang’s data
for the streptavidin adsorption density is really high, if considering the theoretical density
value for full monolayer attachment of streptavidin, which is ~0.04/nm? calculated by the
size of one streptavidin, ca. 4.5x5.5nm.>**® Our result for the binding of streptavidin to
biotinylated TiO, particle suggests a coverage of 50%, obtained by comparing our
experimental density with the theoretical density of the full attachment (= 0.02 nm 2/0.04
nm 2). Thus, only a half of the surface of particles was covered by streptavidin. This is
probably due to the aggregation of TiO, particles. Evidences for particles aggregation
were obtained from comparing the real size with the size data measured in water. The
size of TiO; used in this work is 50-200nm, according to the SEM observation (Figure 4-
3) and the MSDS provided by the manufacturer. However, the size and size distribution
of these colloidal particles in water measured by Fraunhofer diffraction showed to be at
least 1.5um on average and a dispersity of > 1.8, respectively (Figure 4-2). This
inconsistency implies that these TiO, colloidal particles underwent aggregation in water,

40, 41

though they were stabilized by their negative surface charge . Aggregation of these

TiO; colloidal particles renders parts of surface inaccessible to streptavidin. Besides, the
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efficiency of attaching streptavidin is also affected by the density of biotin on TiO,
surfaces,” surface roughness of particles, and some non-specific adsorptions.

By this fabrication method, EA TiO, were also prepared by binding biotinylated E.
coli antibody to streptavidin-coated TiO, and the density of E. coli antibody was found to
be and ~0.015/nm> As a result, the biotinylated E. coli antibody bound to streptavidin-
coated TiO; particles at a density of 0.75 per one streptavidin. Compared with Huang’s
result, in which 0.12 bulky biotinylated DNA was bound to oné streptavidin that had been
absorbed on 272nm polystyrene latex, our data on the binding of biotinylated E. coli

antibody to streptavidin-coated TiO, shows a higher efficiency of conjugation.

Selective binding (flocculation) of EA TiO; to E. coli

The E. coli antibody (ab20640) used in our experiments is capable of recognizing and
binding to all “O” and “K” antigenic serotypes of E. coli, according to the product
instruction issued by Abcam Company. Therefore, we proposed that the antibody
molecule promotes the photocatalytic TiO, particles to approach/contact the antigen, E.
coli, in the presence of other bacteria in the solution. Our binding experimental results
matched this proposal: only EA TiO; colloidal particles bound to E. coli K12, whereas no
bindings were found in any of the control experiments, in which either control TiO,
particles were used instead of EA TiO; or P. putida was used instead of E. coli (Figure 4-
4, Figure 4-5 and Figure 4-6). Furthermore, the electrophoretic mobility results showed
that all the bacteria and TiO, specimens involved in this work were negatively charged in

PBS buffer (140mM, pH 7), suggesting that there was no electrostatic attraction among
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them (Table 4-3). As a result, the selective binding of EA TiO, colloidal particles to E.
coli was confirmed due to the biorecognition between the antibody (E. coli antibody
conjugated on the EA TiO, surfaces) and the antigen (E. coli).

More interesting, except the specific binding displayed by EA TiO, to the target
bacteria, it was also found that the EA TiO; colloidal particles underwent flocculation
with E. coli bacteria while those control TiO, (without the targeting molecule on the
surfaces) did not (Figure 4-7). We tried to detect the lowest number ratio of EA TiO; to
E. coli cells required for the formation of flocs by measuring the change of turbidity of
the suspension as EA TiO, particles were added to the bacterial solution. However, this
measurement was strongly interfered by the adhesion of EA TiO, to the cuvette wall,
therefore, hardly gave precise data on flocculation. Nevertheless, through careful
observation, the number ratio of EA TiO, particles to E. coli bacteria to induce
flocculation can be roughly estimated to be ~50. Furthermore, it was also found that most
E. coli bacteria in the suspension were flocculated (Figure 4-7 a) and precipitated with
particles to give a relatively clear supernatant liquid (Figure 4-7 b) and form large visible
sediments (Figure 4-8), when this number ratio is over ~200. This ratio is only a quarter
of the full monolayer coverage of a typical E. coli bacterium, which is 863, calculated by
dividing the surface area of one E. coli cell (~5.52 um?, assuming the size of one cell is
~0.8umx~1.8um) by the surface area of one particle (~6.4x103 umz, assuming the
diameter of one particle is ~80nm).

Our EA TiO; colloidal particles acted as a strong flocculating agent in the bacterial

suspension depending on the bioconjugation between antibodies and antigens. Tuning
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solution pH to give TiO; a positive surface charge to attract negatively charged pathogens
probably is another method to improve the contact. However, flocculation of TiO,
colloidal particles with bacteria based on electrostatic attraction has been rarely reported.
In addition, the sediments consisting of EA TiO, particles and E. coli cells were light
yellow and inhomogeneous, whereas the sediments of control experiments, in which
either control TiO, particles were used instead of EA TiO; or P. putida was used instead
of E. coli, mainly consisting of TiO, particles, were very white and homogeneous (Figure
4-8). The flocculation and the special appearance of the sediments of the binding
experiment with using EA TiO, colloidal particles can be easily detected by eye, which
may provide us a simple method for detecting the presence of specific bacteria in water
without the need of any detective instruments or skillful technicians, although the
sensitivity is not an advantage. This is probably useful in some developing countries and
districts, where poor living conditions and terrible bio-contamination are threatening

humans whereas instruments and technicians are lacking.

Selective photodisinfection

In selective photodisinfection experiments, E. coli bacterial suspension and P. putida
bacterial suspension were mixed. In the mixture, the concentrations of these two classes
of bacteria are same, i.e. 3.8x10® CFU/mL. This bacterial mixture was then mixed with
TiO, suspension completely before exposure to UV irradiation. The recipes for

photodisinfection experiments are summarized in Table 4-2. It was found that the ratio of
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particles to bacteria and agitation of solution both affect the efficiency and selectivity of
killing.

From Figure 4-10, it can be seen that the number ratio of one particle to one E. coli
bacterium showed low efficiency and no bio-selectivity of killing. However, the
preference of killing E. coli bacteria is enhanced rapidly with the increasing of this ratio,
and reaches the maximum when the ratio is ~26. This number ratio, if compared with the
one required for the full coverage, which is 863 as calculated above, suggests a low
coverage of ~3%. Thus, the most effective preference of killing of E. coli over P. putida
via biorecognition, can be achieved at only ~3% coverage of EA TiO; particles on E. coli
bacteria. Using more EA TiO,, though increases the efficiency of killing, but not as much
as with using control TiO,, displays a negative effect on the bio-selectivity. This result,
combined with the number ratios for forming flocculation (~50 for inducing flocculation
and ~200 for totally flocculating with E. coli bacteria in solution), suggests the specific
binding of EA TiOs to E. coli promotes the selectivity, while flocculation does not. This
is probably because flocs prevents UV light from penetrating the interiors to kill bacteria
effectively. According to Nosaka’s report, the penetration depth of adsorbed light into

TiO; is only ~25nm. >

However, the penetration depth of UV irradiation into the flocs
consisting of E. coli and EA TiO; colloidal particles in water is still unknown. What we
have known is that, from a colloid science perspective, a large number of TiO, particles
and bacteria inside the flocs with a macro level size (Figure 4-8), are inaccessible to UV

irradiation, therefore, the interior bacteria are not killed as effectively as those outside the

flocs.
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Agitation of solution, commonly used in disinfection of pathogens with photo-
irradiated TiO, in water to prevent precipitation of catalyst, in this work, however,
decreased the selectivity of photodisinfection dramatically (Figure 4-11). According to
McCabe et al., the flow is laminar when agitator Reynolds number is smaller than 10 and
turbulent when Re is greater than 10,000.%° In the photodisinfection experiments in this
thesis, gentle agitation, or laminar flow, did not apparently affect the selectivity. While
stirring at agitator Re (the modified Reynolds number, calculated by Equation 3) in
excess of 12, the selectivity was dropped rapidly and disappeared completely until
agitator Re reached ~38 (Figure 4-11). It is also found that agitation affects selectivity of
disinfection only when UV irradiation is given. These results suggested that the multi-
linker bioconjugation (cells-antibody-biotin-streptavidin-biotin-TiO,;) was probably
destroyed by ROS generated from UV-TiO, system. The damage to the bioconjugating
linker could lead to the detachment of TiO, from cells surface, and turbulent agitation of
the solution promotes the detachment. Evidences for this explanation were obtained by
careful observation: flocculation could not be found in the solution after 2h of UV
irradiation with agitator Re of ~25. Besides, our previous work suggested the bio/chem
coating on the TiO, nanoparticles can be destroyed by ROS under UV irradiation.*

In light-TiO, system, the active agents for the inactivation of pathogens are reactive

oxygen species (ROS), generated from TiO, surfaces 2.

These ROS are very short
lifetime therefore can not diffuse long distance in solution > 3. The effective diffusion
lengths of ROS in water are still unknown, however, in some reports, it was pointed out

that 50 um was too far for certain ROS such as hydroxyl radicals to travel '!. The surface
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charge of most bacteria and TiO, in water are both negative generally (Table 4-3), which
prevents TiO, from approaching to bacteria. Therefore, the space between TiO, and
bacteria is the main cause to inactivate most ROS before they can reach the target
pathogens.

An alternative way is to use the attraction force from opposite surfaces charges of TiO>
and bacteria to reduce the space between them in water.”> Most bacteria display greater
negative surface charge than positive charge in water.” Positive surface charge of TiO;
can be given by adjusting pH of solution to allow particles to approach/contact bacteria.
In the work reported by Gumy and his colleagues, 13 different commercial TiO, powders
with different isoelectric points (IEP) from 3 to 7.5 were studied for their efficiency of
killing E. coli K12 bacteria.** Their results showed that except the case with using
Degussa P25 TiO,,>* * surface charge of TiO, particles could be tuned to be positive or
negative via simply adjusting pH of solution and positively charged TiO, showed a
stronger bactericidal effect on E. coli than negatively charged TiO,. The author explained
that identical surface charge repulsed the TiO, from E. coli therefore decreased the
efficiency of killing, and vice versa. Although controlling surface charge of TiO,
particles could be a tool to allow the contact/approaching to the target bacteria to achieve
effective photodisinfection, which might be weakened by the instable adhesion of
particles to bacteria due to the shear force from flowing in water. Furthermore, the
application of this method for selective photodisinfection is hardly expected except some

very rare examples in which the target bacteria and the non-target bacteria display
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opposite surface charge in the same solution, even in this case, the application is limited
by the pH of solution.

The effect of proximity could be clearly seen from Figure 4-12. In control
experiments with TiO, that possessed no special targeting molecules or without TiO,, the
efficiency of killing either E. coli or P. putida in solution was low. However, EA TiO,
killed the target E. coli bacteria very effectively, whereas played a similar antibacterial
effect on P. putida as the control TiO, specimens. We have shown this is because our EA
TiO,-can bind to the surface of E. coli cells, therefore avoids the long travelling of ROS
to reach the target cells. This can be regarded as an evidence of improving killing
efficiency of UV-TiO, system by reducing the distance between TiO; and targeted
bacteria. In our photodisinfection experiments, EA TiO, was proved to be capable of
killing 99.99% E. coli cells (from 3.8x10% to 3.7x10%) after 2h of UV irradiation,
suggesting the promising applications of this method for removing or killing most of the

undesired bacteria.

4.5 Conclusions

1. EA TiO; colloidal particles can specifically bind to E. coli, depending on the
biorecognition between E. coli antibody (on EA TiO; surfaces) and the antigen (E.

coli).
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2. EA TiO; can selectively and effectively kill the targeted bacteria, while leaving

other bacteria alive.

3. The density of streptavidin on streptavidin-coated TiO, surfaces is ~0.02/nm” and
the coverage is ~50%. The density of biotinylated E. coli antibody on EA TiO,
surfaces is ~0.015/nm?, suggesting 75% of streptavidin is accessible for binding to

biotinylated E. coli antibody.

4. When the number ratio of EA TiO; particles to E. coli bacteria reaches ~50, large
visible flocs consisting of particles and E. coli cells are formed. When this number
ratio is over ~200, equaling to ~% of the number required for the full coverage of
bacteria, relatively complete flocculation of E. coli bacteria with EA TiO, particles

can be obtained.

5. Maximum bio-selectivity of photodisinfection can be achieved by controlling the
number ratio of recognition biomolecule-coated particles to the target bacteria at ~26,

which equals to a coverage of ~3%.
6. We propose that the sheer sensitivity of the selective photodisinfection reflects

weak bacteria-EA-TiO, adhesion, resulting from photocatalytic decomposition of the

antibody linkage.
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Scheme 4-1 (a) Silanization Reaction of TiO, with APTS; (b) Biotinylation Reaction of
Amino-TiO, with Biotin-NHS
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Figure 4-1 The preparation of streptavidin-coated TiO, and EA TiO,
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Bacteria TiO, specimens
Control TiO,
Gf(};h.E' P. putida | EATiO; | Untreated | Streptavidin-
TiO, coated TiO,
Binding experiment Applied Not Applied Not Not applied
applied applied
. Not Not . .
Control-1 | Applied applied | applied Applied | Not applied
. Not Not Not .
Control-2 | Applied applied | applied applied Applied
Control Not . . Not .
experiments Control-3 applied Applied | Applied applied Not applied
Not . Not . .
Control-4 applied Applied applied Applied | Not applied
Not . Not Not .
Control-5 applied Applied applied applied Applied

Table 4-1 The materials used in the binding experiments
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P. putida E. coli Ti0,
Photodisinfection 0.1mL 0.lmL EA TiO,
experiment 3.8x10® CFU/mL 3.8x10% CFU/mL 0.1mL 0-0.4 g/L
0.1mL 0.1mL . .

Control-1 3.8x108 CFU/mL | 3.8x108 CFU/mL | 1\° TiO2applied
Control-2 0.1mL 0.1mL Untreated TiO,

3.8x10%® CFU/mL 3.8x10® CFU/mL 0.1mL 0-0.4 g/L
Control.3 0.81 mL 0'81 mL Strepta\i}idérzl-coated

3.8x10%® CFU/mL 3.8x10% CFU/mL 0.1mL 0-0.4 /L

Table 4-2 Recipes of photodisinfection experiments
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Electrophoretic mobility

(108 m2/Vs) Std. error Conductance (uS)
P. putida LV 2-4 -1.49 0.12 26073
E. coli K12 DH5a -1.37 0.09 21662
EA TiO, -1.76 0.07 26804
Untreated TiO; -1.82 0.12 26280
Streptavidin-coated -1.43 0.22 26753
TiO,

Table 4-3 Electrophoretic mobility tests for P. putida LV 2-4, E. coli K12 DH5a, EA

TiO,, untreated TiO,, and streptavidin-coated TiO, nanoparticles in PBS buffer (140mM,

pH7)
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Figure 4-2 Size and size distribution of untreated, biotinylated, streptavidin-coated and

EA TiO; colloidal particles in PBS buffer at pH 7.0
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Figure 4-3 (a) A SEM image of EA TiO;; (b) a confocal image of EA TiO, in PBS
buffer at pH 7.0; (c) a SEM image of streptavidin-coated TiO,; (d) a confocal image of

streptavidin-coated TiO, in PBS buffer at pH 7.0; (e) a SEM image of untreated TiO,
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Figure 4-4 (a) A SEM image of GFP E. coli; (b) a confocal microscopy image of GFP E.

coli under the green wavelength excitement; (c) a SEM image of P putida
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Tum

Figure 4-5 (a-b) The confocal microscope images of the mixture of GFP E. coli and EA

TiO; (fluorescent labeled with atto-610) and (c) a SEM image of the same mixture
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Figure 4-6 (a) A confocal microscope image of the control-2: the mixture of GFP E. coli
and streptavidin-coated TiO; (fluorescent labeled with atto-610); (b) a SEM image of the
control-1 or control-2. the mixture of GFP E. coli and control TiO,, (c) a SEM image of
the control-3 the mixture of P putida and EA TiO,; (d) a SEM image of the control-4 or

control-5 the mixture of P putida and control TiO,
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Figure 4-7 EA TiO, particles were mixed with E. coli bacterial at the ratio in excess of
~200 by shaking in dark for 1h and then the mixture was maintained quiescent for 2h to
allow completely precipitation, after that, (a) the sediment was observed by SEM, and (b)
the supernatant liquid was observed by optical microscopy; Control TiO, particles
(untreated or streptavidin-coated) were mixed with E. coli bacterial under the same
experimental conditions. (c) the sediment was observed by SEM, and (d) the supernatant

liquid was observed by optical microscopy;
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EA TiO, + E. coli Control TiO, + E. coli

Figure 4-8 The mixture of EA TiO; and E. coli and the mixture of control TiO;
(untreated TiO; or streptavidin-coated TiO;) and E. coli were both mixed for 1 h and then

maintained quiescent for 2 h in dark
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Figure 4-9 The calibration curves showing the relationship between the concentrations
of bacteria in PBS buffer and the corresponding optical density values are obtained by
measuring the absorbance of solution at 600nm wavelength. (a) for E. coli bacteria ; (b)

for P. putida bacteria

143



PhD Thesis — Lu Ye McMaster — Chemical Engineering

9.0

P. putida survival with EA TiO,

----l.-.l_l-....,.__.‘f*:

8.5

80 |~ no agitation in solution
) - UV irradiation at 5.8W/m”

P. putida survivall
with EA-free TiO,

‘

log (Viablie Bacteria Conc./CFU mL

for 1h
7.5 E. coli survival
Pl with EA-free TiO,
7.0 E. coli survival with EA TiO, .
@
65 B the number ratio of EA TiOJ/E. coli
for the maximum selectivity = 26
6 0 [} 1 1 1
0.01 0.1 1 10 100 1000

Number Ratio of TiO, to E. coli Bacteria

Figure 4-10 Bacterial survival (log (viable bacteria concentration/CFU mL™)) changing
with different number ratio of TiO; particles to E. coli cells, after 1h of 365nm irradiation
at an intensity of 5.8 W/m* without agitation of solution; the red line representing E. coli
survival with EA TiO,; the blue line representing E. coli survival with streptavidin-coated
TiO,; the green dashed line representing P. putida survival with EA TiO,; and the pink
dashed line representing P. putida survival with streptavidin-coated TiO,. The bacterial

survival is represented by cell density (colony forming units per milliliter).
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Figure 4-11 The change of log (viable bacteria concentration/CFU mL™) with EA TiO,

and with the control TiO, against different Reynolds numbers of the agitated mixtures.

The red line represents the case of killing . coli with EA TiO,; the blue line represents

the case of killing E. coli with control TiO, (streptavidin-coated TiO,); the pink line

represents the case of killing P. putida with EA TiO,; the green line represents the case of

killing P. putida with control TiO, (streptavidin-coated TiO,), and the black dot line

represents the original concentration of bacteria. Data are obtained with the number ratio

of particles to £. coli bacteria at 26 and 1h of 365nm irradiation at an intensity of 5.8

W/m?.
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The original

concentration of

Bacterial survival
(CFU/mL) in the dark

Bacterial survival
(CFU/mL) in the dark
without agitation for

bacterial (CFU/mL) | without agitation for 1h oh

E. coli gu rida E. coli P. putida | E. coli | P. putida
Control 1(£.
coli + P. 3.8x10% | 3.8x10% |3.7x10® | 3.8x10® 3.7x10% | 3.8x10°
putida)
Control 2
(T“i‘(‘)tziat;dcom 3.8x10° |3.8x10° |3.8x10° |3.8x10° |3.7x10% |3.9x108
P. putida)
Control 3
(Streptavidin-
coated TiO+ | 3.8x10% | 3.8x10% |4.1x10® | 4.0x10% |3.8x10® |3.8x10®
E coli+ P.
putida)
EATIOMNE 30,108 | 3.8x10° | 4.0x10° |3.9x10° |3.8x10° |3.9x10°
coli + P. putida

Table 4-4 Bacterial survival (CFU/mL) in the absence of TiO; and in the presence of

different TiO; in the dark without agitation of solution for 0, 1 and 2 hours
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Figure 4-12 The change of log (viable bacteria concentration/CFU mL™) against
different time of exposure to 365nm UV irradiation at an intensity of 5.8 W/m’ in the
absence of TiO; (the columns labeled by “no Ti0O,”), or in the presence of untreated TiO;
(the columns labeled by “untreated TiO,”); or in the presence of streptavidin-coated TiO;
(the columns labeled by “streptavidin-Ti0;”); or in the presence of EA TiO; (the columns
labeled by “EA Ti0O,”). Data are obtained with the number ratio of TiO; particles to E.

coli bacteria at ~26 and without agitation of solution.
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4.7 Appendix

Equation 1

(iA,xVJxNA

i=1 3
M, xm, x SSA,_;, x10"

DSA

Dsy: the density of streptavidin conjugated on TiO, surfaces (/nm?)

&: the extinction coefficient of streptavidin used in these experiments (&5, = 3.4 L/g)

Aj;: the absorbance value of the supernatant liquid at 282nm after each centrifugation
during the washing process

V: the volume of the buffer solution used in each washing (V=3 mL =3x107 L)

Ny4. Avogadro’s constant (N4 = 6. 02x10% /mole)

M,: the molecular weight of streptavidin (M, = 60 KDa)

mz: mass of TiO, used in the experiments (my =1.2mg=1 2x107 2)

SSA;.7;: the specific surface area of the biotinylated TiO, particles used in the experiments
(SSAs.p = 14.4 m* g, measured by N, absorption)

Equation 2

D i antl X N
M, xmy, x SSAx10"®

anti

D nsi- the density of biotinylated E. coli antibody on EA TiO, surfaces (/nm?)

Many: mass of biotinylated E. coli antibody required for the conjugation with streptavidin-
coated TiO, surfaces (74,=60 ug=60x10" g)

N,: Avogadro’s constant (N, = 6.02x10% /mole)

M. the molecular weight of antibody (Mg = 150 KDa, data from Abcam company 2
my;: mass of streptavidin-coated TiO; used for the preparation (my = 1.2 mg=1.2x10"
SSAg.z: the specific surface area of the streptavidin-coated TiO; particles used in the
experiments (SSA4z.,=13.5 m? g”', measured by N, absorption)
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Equation 3 *

_nxDlxp
n

R

e

Re: the modified Reynolds number

n: rotational speed (in our experiments, the agitation speeds are 30rpm, 50rpm, 60rpm,
and 120rpm, which corresponding to 0.5/s, 0.83/s, 1/s, and 2/s)

D,: the diameter of the impeller (5x10™ m)

p: the density of the fluid (assuming the density of the bacterial mixtures is same as that
of water, 1x10° kg/m’)

1n: the viscosity of the fluid (assuming the density of the bacterial mixtures is same as that
of water, 1x10 kg/ms)

0976 cm

= —
— Rt

The mixed bacterial solution

=

0.5cm
I |

Figure 4A1 Photodisinfection experiments illustration
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Chapter 5 Immobilization of TiO, nanoparticles onto cellulose

fibers through bioconjugation”

5.1 Introduction

TiO, is an effective catalyst for the photoactivated oxidation of organic molecules.
Such materials are used in applications ranging from water disinfection to environmental
remediation of airborne organics. The immobilization of photoactive TiO, nanoparticles
onto cellulose fibers can be used to prepare self-cleaning paper, which may have a
variety of potential applications such as food packaging. Currently, the methods for
immobilizing TiO, nanoparticles onto fibers involve the use of additives such as cationic

polymers, which can bind negatively charged particles and fibers together.> *® However,

* This work has led to one published paper in Journal of Materials Chemistry 2009, 19, XX. This paper,
Immobilization of TiO, nanoparticles onto paper modification through bioconjugation, was authored by Lu
Ye, Carlos Filipe, Mojgan Kavoosi, Charles Haynes, Robert Pelton, and Michael Brook. In this publication,
E. coli containing the gene for the expression of CBM2a-strep tag II and the related techniques was
provided by Mojgan Kavoosi, Charles Haynes. The research related to bacteria treatment and protein
purification were guided by Carlos Filipe. These contributions make them co-authors, however, 1 did all
the research described in that paper.
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these additives can also induce significant aggregation of fines, fillers and fibers, resulting
in deterioration of the quality of the paper.” More importantly, the aggregation
dramatically decreases the specific surface area of the TiO, nanoparticles, resulting in a
large number of photoinactive nanoparticles inside the aggregates, thereby significantly
decreasing the efficiency of photocatalysis.

There is a need, therefore, to more effectively immobilize TiO, nanoparticles onto
fibers. In principle, one feasible method to accomplish this is to adjust the pH of the
solution to give the TiO, nanoparticle surfaces a positive charge, so that the positively
charged nanoparticles can adhere to the negatively charged paper fibers.> A problem with
this method, however, is that such adhesion depends strongly on the pH range of the
environment. As the pH changes, the adhesion can be weakened significantly. Thus,
more effective, alternative methods are required.

Carbohydrate-binding modules (CBMs), fourteen families of which are also known as
cellulose binding domains (CBDs),® have a high affinity to cellulose (K, = 10° M™).* 10
Fusion technology used to recombine CBMs with other biomolecules, such as

14

streptavidin,” Strep-tag,12 histidine tag,9 Pro-A,' and antibodies.'> '®  These

complexes offer the possibility of targeted immobilization of biomolecules of interest or

other interesting moieties including quantum dots (QDs)'? and polystyrene latices'® onto a

17, 21,22

cellulose matrix for fiber modification, 18 protein puriﬁcation,lg’ 20 diagnostics, or

bacterial adhesion.?*?*

Biotin, vitamin H, involved in many important biochemical processes in the human

organism, exists in every living cell.?® Streptavidin, produced by Streptomyces avidinii,
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binds exceptionally tightly to biotin (K, = 10" M™1.2% 27 The biotin-streptavidin
interaction is widely used in bioprocessing, because one streptavidin molecule can bind
up to four biotin molecules. The broad usage of this linkage in biochemistry results from
the fact that most biomolecules can be biotinylated under mild conditions.?® Strep-tag II,
a streptavidin ligand with a selected eight amino acids (WSHPQFEK), has been
developed on the basis of the high affinity between streptavidin and biotin.* The
interaction between Strep-tag Il and streptavidin (K, = 10* M'y*®3! has been widely used
for the conjugation of the Strep-tag Il fusion protein to streptavidin, particularly for the
one-step purification of the corresponding Strep-tag II-proteins through a streptavidin-
filled column.** TiO, nanoparticles can be covalently biotinylated by a chemical method,
which offers the possibility to attach biotinylated particles to streptavidin.*®

Recently, much interest has developed in the preparation and application of TiO,-
biomolecule hybrids because of the potential utility of combining their photocatalytic and
biological properties.** ** A literature search shows that these hybrids have previously
been prepared by physisorption.3 637 In these UV-activated, TiO»-biomolecule systems,
often rapid inactivation of these adsorbed biomolecules was found to occur because of the
free radicals generated on the UV-irradiated TiO, surfaces.*®>° It is therefore of interest
to establish if alternate methods can be found that will allow TiO, particles to be utilized
for their photoactive properties without concerns about degradation of the local
environment — cellulose fibers — on which the particles are supported.

In this research, we have developed a bioconjugation method for immobilizing TiO,

nanoparticles onto cellulose fibers for the first time using multi-linker bioconjugation:
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CBM2a-Strep-tag Il — streptavidin — biotinylated TiO; nanoparticles. Such a system
provides for explicit bioconjugation of the particles onto cellulose fibers and permits an
analysis of the photoactivity of tethered TiO, particles for external oxidation as compared
to oxidation of the tether and the local environment. The photocatalytic functionality of
TiO,-containing paper produced by this method is demonstrated by an assay involving
decolorization of anionic reactive black 5 dye (RBS), and the resistance to oxidative

degradation of the linker was roughly estimated.

52 Experimental Section

5.2.1. Chemicals

Whatman qualitative filter paper (No.1) was purchased from Aldrich and used as
received. The basis weight of the Whatman No.l is 87 g m?, as provided by the
Whatman Company. The specific surface area (SSA) of the paper was tested on a
Quantachrome Nova 2200 by nitrogen adsorption and a Poremaster GT 60 by mercury
intrusion porosimetry to be 6.154 m? g'l and 16.106 m? g, respectively. Streptavidin
from Streptomyces avidinii was purchased from Fluka and used as received. Reactive
Black 5 dye (RB5) was purchased from Sigma-Aldrich Canada and used as received.
AEROXIDE® TiO, P 25 was donated by Degussa Corporation (Parsippany, NJ, USA).
Biotinylated TiO, nanoparticles were prepared (Scheme 5-1) as described previously in

1.33

Yeetal.™ A glycerol stock solution of BL21 (DE3) E. coli cells containing the histidine-
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CBM2a-Strep-tag 11 construct was provided by the Charles A. Haynes lab of the
University of British Columbia. The amino-acid sequence of the histidine-CBM2a-Strep-
tag II construct is shown in Figure 5-1. The CBM2a-Strep-tag Il construct was cloned
into the Ncol/HindlIII sites of the pET22 vector (Novagen). This vector has the pelB
signal sequence for expression into the periplasm, the ampicillin resistant gene and the T7
promoter. Hence, cells containing this vector are ampicillin resistant, and protein
expression is induced with isopropyl §-D-1-thiogalactopyranoside (IPTG). The antibiotic
ampicillin was purchased from Fluka and prepared at a concentration of 100mg/mL in
MilliQ grade water. The ampicillin solution was filtered through a 0.2um filter disc to
remove bacteria and dust before use. IPTG (Fermentas, Burlington, ON, Canada) was
used to induce expression of histidine-CBM?2a-Strep-tag Il fusion protein in E. coli.
Luria-Bertani (LB) was used as the medium for E. coli culture, containing per liter:
tryptone (10g, EMD, Gibbstown, NJ), yeast extract (5g, EMD), and NaCl (10g, Aldrich).
Phosphate buffered saline (PBS) buffer (137 mM NaCl, 2.7 mM KCl, 4.2 mM Na,HPOj,,
1.4 mM KH,PO4, pH 7.4) was prepared and autoclaved before use.  Tris-
(hydroxymethyl)aminomethane-HCI buffer (20mM Tris-(hydroxymethyl) aminomethane,
50mM NaCl, pH 7.4) was prepared and autoclaved before use. MilliQ grade water was

used for preparing all aqueous solutions.

5.2.2. The expression and purification of histidine-CBM2a-Strep-tag 1l *> '

E. coli stains BL21 (DE3), containing CBM2a-Strep-tag II construct, was cultivated in

500mL LB media supplemented with 0.1% ampicillin solution (100mg/ml). Shaker
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flasks were inoculated from a single colony and cultured at 37 °C with a shaking rate of
180 rpm until the ODgy reached 0.6-1.0. IPTG was then added, to give a final
concentration of 0.1mM, to induce expression of the histidine-CBM?2a-Strep-tag 11
protein. The cells were then cultured for 14 h at 30 °C.

The cells were harvested by centrifugation at the rate of 10000 G for 15 min at 4 °C.
The supernatant liquid was discarded and 10 mL Tris-HCI buffer was added to the
centrifuge tube to suspend the cell pellets. The tube was then inserted in the ice-water
sink to maintain low temperature when the cell pellets were disrupted by ultrasonication
(4 times x 5 minutes, 25W energy output) using an ultrasonic cell disrupter (Vir Sonic
100, VirTis, USA). Then the cell debris was removed by centrifugation at 12000 G for
15 min at 4 °C. The resulting supernatant liquid was applied to a SmL HisTrap FF
column (GE Healthcare) according to the manufacturer's instructions. Finally, the protein

purity was analyzed by SDS-page and stored in a -20 °C freezer before use.

5.2.3. Preparation of aminosilanized TiO; and biotinylated TiO,
nanoparticles (Scheme 5-1)

Aminosilanized and biotinylated TiO, nanoparticles were prepared according to the
method described in Ye et al.:** untreated TiO, (0.03g, 0.376mmol) was reacted with 3-
aminopropyltriethoxysilane (0.15mL, 0.635mmol) in anhydrous DMSO (100mL) at 85
°C, stirring for 4 h under dry N,. The solid particles were deposited by centrifugation and
then washed with anhydrous DMSO (3x180mL) to remove the excess APTS. After

washing, the particles were dispersed in anhydrous DMSO (100mL) again and cured in a
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nitrogen stream at 120 °C for 2h. After curing, the preparation of aminosilanized TiO;
was complete. Biotinylated TiO, particles were prepared by the reaction of
aminosilanized TiO; (0.015g, 0.188mmol) with N-hydroxysuccinimidobiotin (0.1g,
0.29mmol) in anhydrous DMSO (50mL) at room temperature for 3h. Finally, the solid
particles were washed with anhydrous DMSO (3x180mlL), followed by MilliQ grade

water (3x180mL), and then dried in vacuo at 65 °C to remove the residual solvents.

5.2.4. Immobilization of TiO; onto paper

The immobilization of AEROXIDE® TiO, P 25 nanoparticles onto paper was achieved
by a bioconjugation method in three steps: (1) the adsorption of CBM2a-Strep-tag 11
protein to paper through the specific absorption of CBM2a to cellulose;” ' (2) the
binding of streptavidin to CBM2a-Strep-tag II protein by the bioconjugation of
streptavidin with Strep-tag ;% 3! (3) the attachment of biotinylated P25 TiO;
nanoparticles to streptavidin through the biotin-streptavidin interaction ** (Figure 5-2).

After purification, the fusion protein of CBM2a-Strep-tag Il was diluted with Tris-HCI
buffer to obtain an appropriate concentration of about 3.96x10”° mol/L (A,3=1.3126,
€=33125) for application to the paper. A 2 cm x 6 cm strip of Whatman No.1 filter paper
was submerged in 3 mL of the CBM2a-Strep-tag Il protein solution with the above-
mentioned concentration in a Petri dish (100 x 20mm, BD Optilux™, BD Falcon™). The
Petri dish was then shaken at a speed of 40rpm on a shaking bed (Barnstead/ Lab-Line
USA Model No. 4633) at room temperature for 3 h for reaction (it was found that longer

reaction times did not lead to more adsorption). After that, the paper was moved to
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another Petri dish containing 15mL MilliQ grade water, and washed in a shaker at a speed
of 80rpm for 15 min. The absorbance of the supernatant liquid of the CBM2a-Strep-tag I1
protein solution was tested at 280nm. The washing process was repeated and after each
washing the absorbance value of the supernatant liquid of the solutions was tested at
280nm until the absorbance value was less than 0.0005, indicating that the unbound
protein had all been washed off from the paper. The amount of adsorbed CBM2a-Strep-
tag II protein onto the paper could be calculated using Equation 1.

Streptavidin solution at a concentration of 1.65x10” mol/L (A28,=0.9395, £=57000)
was prepared by dissolving the lyophilized streptavidin in Tris-HCI buffer. The paper,
treated with CBM2a-Strep-tag Il protein, was then treated and washed by the same
procedures as used in attaching CBM2a-Strep-tag Il protein. The amount of adsorbed
streptavidin on the paper could be similarly calculated (Equation 1).

A biotinylated TiO; nanoparticle suspension, at a concentration of 0.4g/L, was
prepared by dispersing nanoparticles in Tris-HCl buffer using ultrasonication
(BRANSON 8510) for 10 min. Then the paper, treated with CBM2a-Strep-tag II and
streptavidin, was submerged in SmL of this biotinylated TiO, suspension for 20 s and
immediately moved into SmL of Tris-HCI buffer. The paper was then washed with the
same procedure as described above. Finally, the paper was rinsed with 2L Tris-HCI
buffer to remove the unbound particles.

The control-1, control-2 and control-3 experiments were preformed in the same way,

except that specific materials were either omitted or replaced (see Table 5-1).
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5.2.5. Photodegradation of RB5 by TiO;-containing paper

A Black-Ray® XX-15BLB UV Bench Lamp (365 nm) was used as the light source for
photodegradation in the RB5 assay. The intensity of UV irradiation was measured by a
Traceable® Ultra Violet Light Meter (VWR). An incident intensity of 23 W/m? to the
TiO,-containing paper in RB5 solution was established by adjusting the position of the
light source. An RBS5 solution with a concentration of 23ppm was prepared by dissolving
the dye in MilliQ grade water. A strip of TiO,-containing paper, prepared using the
above-mentioned method, with a size of 1 x 2cm, and a magnetic stirring bar (7.9mm X
1.5mm) were placed in a quartz cuvette containing 1.7 mL of the RBS5 solution. The
cuvette was sealed and then irradiated with the UV lamp (365nm, 23W/m?) for at least 12
h, while the solution was slowly agitated by the magnetic stirring bar with a speed of ~5
rpm. The absorbance of the supernatant solution at 597nm was measured every 2 h. The
control experiment was performed using the control paper instead of TiO,-containing
paper. After 12 h of UV irradiation, the paper was characterized with scanning electron
microscopy (SEM) and the solution was observed using both transmission electron

microscopy (TEM) and optical microscopy.

5.2.6. Measurements
1. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis
was performed on 17.5% polyacrylamide gels under denaturing conditions. Gels
were stained with Coomassie brilliant blue R-250. A 10-kDa protein ladder

(Fermentas) was used as a molecular mass marker.
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2. The electrophoretic mobility of biotinylated P 25 TiO, was measured on the
ZetaPlus zeta potential analyzer (Brookhaven Instruments Corp.) operating in phase
analysis light scattering mode. Measurements were performed in Tris-buffer
(20mM Tris-base, 50mM NaCl, pH 7.4). The mean and standard deviation (see

below) were calculated from 10 runs (15 cycles per run).

3. UV-vis absorbances of samples were measured on a UV-vis spectrophotometer
(Beckman Coulter DU800 Spectrophotometer, software version 2.0). For CBM2a-
strep tag (e=33125), the absorbance of the protein solution at 280nm was tested to
quantify the concentration. The concentration of streptavidin was quantified at
282nm (e=57000). A visible light source at 597nm was used for determining the

concentration of RBS5.

4. Scanning electron microscopy (SEM) observation and energy dispersive X-ray
spectroscopy (EDS) analysis of the surfaces of the TiO,-containing paper and the
control papers were performed with a JEOL JSM-7000F scanning electron
microscope and an EDS-INCA analyzer (Oxford), respectively. The papers were

sputter-coated with platinum before testing.

5. The specific surface area (SSA) value of Whatman No.1 filter paper was tested by

two methods: nitrogen adsorption performed on a Quantachrome Nova 2200 and
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5.3

5.3.1.

mercury intrusion porosimeter on a Poremaster GT 60 over a pressure range of 20-

59352 psi and analyzed using the Washburn Equation.

Thermogravimetric analysis (TGA) of the TiO,-containing paper and the control
papers were performed with a Netzsch STA-409 DTA/TGA analyzer. The samples

were heated in air at 10 °C/min from room temperature to over 800 °C.

Optical microscopy observation of the RBS supernatant solution, after UV-TiO,
irradiation for 12 h, was performed on a Zeiss EL-Einsatz microscope equipped

with a QICAM QImaging camera.

Transmission electron microscopy (TEM) observation of the dried RBS supernatant
solution, after UV-TiO, irradiation for 12 h, was performed on a JEOL JEM-
1200EX transmission electron microscope. The solution was dropped onto the

copper grid to dry for observation.

Results

Preparation of the Paper-CBD-Linker-TiO, Particles

Relatively large quantities of the cellulose binding domain (CBM) were required for

studies on their use as biological adhesion promoters. Standard expression techniques
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were utilized to prepare the material,"” *' and the SDS-PAGE test results showed, after
isolation, that the fusion protein of CBM2a-Strep-tag Il expressed in E. coli was
effectively purified (Figure 5-3).

The CBD was used to link, through streptavidin, TiO; particles to paper. To do so, it
was first necessary to surface modify the titania particles (P25) with amino groups, using
aminopropyltriethoxysilane (APTS).*®  While aminosilane-modified particles are
normally positively charged, in this aminosilanization, thermal curing was either omitted
or carried out for very short time such that the organosilane coating incompletely capped
the surface. As a consequence, the overall surface charge of the APTS modified TiO,
nanoparticles in Tris-HCI buffer was negative. This reduces the likelihood of particle
adsorption onto the negatively charged cellulose fibers. Subsequently, biotin was
tethered to the particle surface using biotin-activated esters (Scheme 5-1). The
electrophoretic mobilities of control materials showed that the entire series of particles
was negatively charged in Tris-HCI buffer at pH 7.4: P25 TiO,-1.06+0.14 x 108, APTS-
modified P 25 TiO, -0.56+0.04) x 10® and biotinylated P 25 TiO, nanoparticles -
0.71+£0.04 x 10 m*/Vs, respectively.

The biotinylated particles were exposed to streptavidin-CBM?2a-Strep-tag 1l to give
particles that were adhesive to cellulose. They were tethered to cellulose by three
bioconjugation elements: biotin (on TiO, nanoparticles) / streptavidin, streptavidin / Strep
tag II (on CBM2a) and CBM2a / cellulose (Figure 5-2). After the attachment
experiments, it was found that many biotinylated P 25 TiO, nanoparticles were attached

to the paper fibers and were distributed uniformly across fibers (Figure 5-4a and Figure 5-
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5). By contrast, in the control experiments in which either there was no CBM2a-Strep-tag
I protein present, or untreated or aminosilanized TiO, was used instead of biotinylated
TiO; nanoparticles, it was found that very few particles were present on the fiber surfaces,
apart from those occasionally trapped by holes (Figure 5-4 b-d). EDS tests were
performed on the particle area and non-particle areas on the fiber surfaces.

Table 5-2 shows the EDS test results: where particles were located, the weight and
atomic percentage of Ti were 10.46% and 3.33%, respectively; whereas no Ti could be
detected in areas not bearing particles. These data indicate that the nanoparticles present
on the fiber surfaces are TiO, based. The higher carbon concentration on the non-particle
area (weight% 76.11, atomic% 85.61) than on the particle area (weight% 55.47, atomic%
70.5) is due to the higher percentage of cellulose on the test area. Platinum
concentrations on the non-particle area (weight% 6.40, atomic% 0.44) and the particle
area (weight% 6.59, atomic% 0.52) were similar, and are a consequence of Pt that was
sputter-coated on the paper samples, which was required for the SEM assay. Sodium and
chlorine concentrations on the non-particle and particle areas are similar and low, and

result from the use of a buffer solution during the attachment experiments.

5.3.2. Binding the Particles to Paper

Biotinylated TiO, nanoparticles were bound to paper through multi-linker
bioconjugation following the sequence: cellulose/CBM2a; Strep tag II on
CBM2a/streptavidin; and, streptavidin/biotin on TiO, particles. The efficiency of binding

TiO, to paper by this method can be evaluated by comparing the amounts of bound
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proteins and particles obtained from the experiments with the theoretical values that
would result from full attachment. Since CBM2a is the first protein loaded onto the paper,
the amount of attached CBM2a plays a crucial role in determining the amount of the
streptavidin molecules that can be subsequently attached. For the same reason, the
density of TiO; nanoparticles on the paper depended on the coverage of the bound
streptavidin.

In the experiments involving attachment of proteins (CBM2a and streptavidin) to
paper, a strip of paper was submerged in the protein solution of known concentration.
After shaking for a certain time, the paper was removed and then washed repeatedly with
a known volume of water. In this method, proteins were initially adsorbed to paper by
both chemisorption and physisorption. However, after subsequent washings, only
chemisorbed proteins were retained on the paper. The amount of protein chemisorbed
onto the paper could be calculated using Equation 1, after testing the UV absorbance
(280nm for CBM2a-Strep-tag 11, 282nm for streptavidin) of the resulting protein solutions.
Further, by combining this with the SSA value and basis weight value of Whatman No.1
filter paper, the density of the adsorbed protein could be calculated using Equation 2. It
was found that shaking the paper in the solution promotes the adsorption of protein.
However, it was also found that shaking at high speed weakens the paper network. Our
experimental results show that a shaking rate of about 30-50rpm is appropriate for
maximum adsorption of proteins onto paper in a water medium, without degrading the
properties of the paper support. It was found that protein chemisorption increased with

the reaction time and eventually reached maximum values at about 2 hours: ~ 1.44 mg/m*
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(= 6.22 x 10%/nm?) for the adsorption of CBM2a-Strep-tag to the paper; and ~ 1.92
mg/m2 (= 193 x 10'2/nm2) for the further adsorption of streptavidin to Strep-tag II-
CBM2a-paper.

After attaching biotinylated P 25 TiO; nanoparticles to the streptavidin-Strep-tag I1-
CBM2a-paper, the preparation of TiO,-containing paper was complete. The amount of
TiO; on the paper was tested by TGA. Six replicate samples were tested, and on average
0.8wt% residual material was found after heating to 800 °C (Figure 5-6). The results for
the control papers showed the remaining material averaged only 0.12%. For Whatman
No.1 filter paper, the ash content is less than 0.06% (as provided by the Whatman
Company). The difference of the remaining material content after heating between the
control paper and the untreated paper indicates relatively low attachment of TiO, and the
presence of buffer salts on the control paper (Figure 5-4 b-d and Table 5-2).

Several attempts were made to understand in detail the surface density of TiO;, and the
underlying bioconjugating elements, including TGA, nitrogen adsorption and mercury
porosimetry. Although the TGA results for the TiO,-containing paper show that the TiO,
is efficiently attached to paper by the bioconjugation method, it is impossible to get a
reliable datum of the attachment density based on the TGA results because the error of
TGA results is large and the accessibility to P25 TiO, nanoparticles of the cellulosic
surface is required for calculation. The latter number is unknown. BET data were
measured to obtain cellulosic surface area. The specific surface area (SSA) of cellulosic
fibers in the paper measured by nitrogen adsorption is 6.154 m? g”'. However, these data

do not provide guidance on accessibility to larger particles, particularly to non-uniform
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particles of varying roughness. Similarly, mercury porosimetry measurements on the
paper and TiO; tethered paper were undertaken. The SSA value of cellulosic fibers in the
paper measured by mercury porosimetry is 16.106 m? g”'. However, these data similarly
do not discriminate between internal macropores accessible to mercury and macropores
that are truly accessible to the relatively large particles. Finally, the coverage and the
distribution density of TiO, on fibers were obtained by manuaily analyzing many SEM

images including Figure 5-4a to be ~24% and ~ 58 um™, respectively.

5.3.3. Photocatalytic activity

The photocatalytic ability of the TiO,-containing paper was demonstrated by
photodegradation of the dye RB5 (Figure 5-7 and Figure 5-8). One control experiment
was performed with the control paper (control-1, 2 and 3) and TiO,-containing paper
without UV irradiation, showing that no photodegradation of RBS dye observed after 24
hours. Another control experiment was performed with the control paper (control-3, no
biotin on the TiO, particles, Table 5-1), showing that only 10% dye decomposed after 12
hour UV irradiation. By contrast, an intensely colored aqueous solution of RB5 (23ppm,
As97=0.5438) in the presence of lcm x 2cm TiO,-containing paper became completely
clear (As97=0.0151) after irradiation for the same 12 hour period. After this time the
TiO,-containing paper was observed by SEM and the supernatant solution was
characterized using optical microscopy and TEM. It was found that while many TiO,
nanoparticles were still present on the fiber surfaces (Figure 5-11), many fibers and TiO,

nanoparticles were also found in the solution (Figure 5-9 and Figure 5-10). These results
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suggest that after 12 hours of UV irradiation, the fiber network and the bioconjugation
were both partially destroyed due to photooxidation in the vicinity of the TiO; particle,

resulting in the partial detachment of fibers and TiO, nanoparticles from the paper.

5.4 Discussion

TiO; is commonly used in paper chemistry to brighten the paper. Traditional methods
for attaching inorganic particles to paper use additives such as cationic polymers. These
additives produce aggregates of particles, which can be trapped by holes in the 3-
dimensional network of the paper. The interaction between mineral/polymer and fiber is
dominated by both physical and ionic interactions.* ¢ Adhesion of the particles to the
cellulose fiber is poor and TiO, aggregates perform relatively poorly as photocatalysts:
much of the particle surface area is unavailable to UV irradiation.

In the present study, for the first time, unaggregated TiO, nanoparticles were attached
to paper using bioconjugation, leading to the formation of photocatalytic paper. This
conclusion is apparent from the physical characteristics of the product. Pulp fibers are
negatively charged due to their intrinsic properties (the presence of some COOH
groups).*?* The TiO, nanoparticles (untreated, aminosilanized and biotinylated) used in
the experiments were also prepared with negatively charged surfaces, as confirmed by
mobility test results at pH 7.4. Therefore, there will be no electrostatic attraction between

fibers and TiO; nanoparticles. The observed adhesion is therefore due to bioconjugation.
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The preparation process showed that complex molecular interactions of several
different types were needed to effectively adhere TiO, nanoparticles to fibers with a
uniform distribution (Figure 5-4a and Figure 5-5). The key interaction involved the
specific adsorption of the cellulose binding domain (CBM2a), normally found in
cellulase,® to cellulose. CBM2a-Strep-tag 11 was first loaded onto the paper to guarantee
that the biological active site of CBM2a was occupied by the cellulose. The second and
third bioaffinity events involved the binding of Strep tag II (on the CBM2a) and of biotin
(on TiO, particles) to streptavidin. Thus, sufficient accessible biotin binding sites on the
streptavidin is present to permit binding of the biotinylated TiO, nanoparticles,” linking
them to the underlying paper.

Control experiments showed that particle/fiber adhesion depended on all these
elements. Control paper prepared by the same procedure, but with the absence of the
CBM2a-Strep-tag 1l protein, or the use of untreated/aminosilanized TiO, instead of
biotinylated TiO; nanoparticles, led to paper that had very few attached particles (Figure
5-4 b-d). EDS results on both the particle area and the non-particle area confirmed that

the adhering particles, observed with SEM, were TiO, based.

5.4.1. Factors affecting the attachment of TiO, particles to paper

The efficiency of photocatalysis of TiO, supported paper will depend on the number of
particles that can be attached to the cellulose surface. Binding is affected by both the
efficiency of biological conjugation (see next section), and by preparative methods. For

example, mechanical energy during synthesis affects the efficiency of TiO, binding to
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cellulose fibers. With appropriate agitation, TiO, particle adsorption was enhanced. This
is probably because convection promoted the diffusion of biomolecules and particles to
the fiber surfaces, as the attachment experiments were carried out in aqueous solutions.
However, it was also found that excess agitation loosened the network structure of the
paper, degrading its mechanical strength, which is unacceptable both for paper
manufacturers and customers. It was determined that shaking at 30-50rpm was optimal
for attachment of both biomolecules and TiO; nanoparticles to paper in the water medium,
without degradation of the paper.

Tethering of TiO, particles depends on the efficiency of tethering of each of the
elements — CBM2a-Strep-tag 1l to paper, streptavidin to Strep tag II on CBM2a, biotin on
TiO; particles to streptavidin — to the paper surface. The affinity constants K, of the three

interactions are 10° M'l, 10* M'l, and 10" M! for CBMZa-cellulose,9’ 10 Strep-tag 11-

30,31 26,27

streptavidin, and streptavidin-biotin, respectively. As factors such as temperature,
pH and buffer properties affect the these interactions,>!® 2% 3% 3! Tris-HCI buffer (20mM
Tris-(hydroxymethyl)aminomethane, 50mM NaCl, pH 7.4) at room temperature was
chosen as a medium to maintain the biological functions of the biomolecules.

The theoretical values of full attachment of bio-molecules and nanoparticles on fiber
surfaces can be simply calculated by the areas shadowed by the bound biomolecules or
TiO, nanoparticles, assuming a monolayer surface coverage. According to this, the
theoretical value for full attachment of CBM2a to the fiber surfaces is ~7.58x1072 nm'z,

calculated by the maximum area (~13.2 nm?) shadowed by a bound CBM2a molecule.’

This theoretical value is similar to our experimental results for the adsorption of CBM2a-
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Strep tag 11 to paper (6.22 x 107 nm™), indicating the coverage of CBM2a on the fiber
surfaces under the reaction conditions discussed above was 82%.

45, 46

The size of streptavidin is ca. 4.5x5.5 nm, suggesting the area shadowed by one

streptavidin is ~ 25 nm? and the theoretical value for full attachment of streptavidin to the

2. Our experimental results showed that the chemisorption

fiber surfaces is ~ 4x107 /nm
of streptavidin to Strep tag II-CBM2a on paper was 1.93x102 nm™. Using these values,
one can calculate that the efficiency of binding streptavidin onto CBM2a by this method
was ~48 %.

The binding of TiO, nanoparticles to paper depended on the concentration of bound
streptavidin on the fiber surface. The efficiency of binding of the former can be evaluated
by analysis of SEM images manually (Figure 5-4a) and the results show the coverage and
the distribution density of TiO, on fibers is ~24% and ~58 um?, respectively. This
coverage is surprisingly efficient given: (1) the size of streptavidin/biotin (5-6nm)™® is
small compared with the sizes of TiO; nanoparticles (P25 TiO; is comprised of 100 nm
aggregates of ~30nm primary particles*” **) and the fibers in the Whatman No. 1 filter
paper used in the experiments; (2) the gravity of TiO, nanoparticles in an agitated
aqueous solution leads to the detachment of the particles from the paper surface since the
affinity between streptavidin and strep tag II is low 10* M™;** 3! and (3) neither the

surfaces of TiO, nanoparticles nor fibers are smooth, which reduces the efficiency of

attachment.

5.4.2. Photoactivity
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The attachment of P25 TiO; nanoparticles onto paper gives the paper photocatalytic
capability.l'3 Not surprisingly, the more non-aggregated TiO; nanoparticles on the paper,
the higher is the photocatalytic capacity to decompose organic materials. This was
demonstrated by photodegradation of the RB5 dye: RB5 was completely photodegraded
after 12 hours of UV irradiation in the presence of TiO,-containing paper (Figure 5-8).
By contrast, in the control experiment in which either no UV irradiation was applied or
paper containing very few TiO, particles was used, little color change of the RBS solution
was observed, implying very low efficiency of decomposition of RB5 (Figure 5-8): many
more TiO; nanoparticles are attached to the TiO,-containing paper than the control paper
(Figure 5-4).

AEROXIDE® TiO, P 25 is a typical photocatalytic TiO,, which is very capable of
decomposing organic molecules under UV irradiation.** While the reactive oxygen
species generated by UV-irradiated TiO, can photodecompose organic chemicals such as
RBS5, the complex biochemistry used to bioconjugate particles to paper should similarly
be susceptible to UV-initiated damage. Our experimental results show that, after UV-
TiO; irradiation for 12 hours in addition to complete decomposition of RB5, many TiO,
nanoparticles had detached from the paper and entered the solution (Figure 5-9). In
addition, the paper had undergone significant structural damage, as many fibrils appeared
on the fibres and many fibers had detached from the paper (Figure 5-10). This result is in
good agreement with Iguchi’s reports,” which showed that the tensile strength of TiO,-
containing paper decreased by more than 30% after 240 hours of UV irradiation at an

intensity of 20 W/m?.
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After 10 hours of UV irradiation, RB5 was completely degraded, while no damage to
the photocatalytic paper could be determined. What is surprising, however, is that even
after extensive irradiation/oxidation for 12 hours, many particles still remained bound to
the paper (Figure 5-11). This demonstrates that the bioconjugation can partially resist
damage due to free radicals produced from UV-irradiated TiO, nanoparticles.

The use of biological tethering strategies offers many benefits over traditional
strategies of physical adsorption of minerals to surfaces. When TiO, particles are
explicitly tethered to cellulose fibers using biomolecule linkages, higher densities of
particles are found on the surface and, more importantly, the particles are found as
individuals, rather than aggregated clumps. As a consequence, photooxidative efficiency
per particle (and, parenthetically, brightening) is significantly enhanced over the
aggregate structures. Perhaps most surprising is the resilience of the biological linker.
While both cellulose fiber and linker undergo photooxidation after extended periods of
UV irradiation, prior to that liquid borne materials are efficiently photooxidized without

concomitant observable degradation to the biological linker.

5.5 Conclusions

1. Photocatalytic TiO; nanoparticles were uniformly immobilized onto paper surface at a
coverage of ~24% and a density of ~58 /um?® by the bioconjugation of cellulose -

CBM2a-Strep-tag I1- streptavidin - biotinylated P 25 TiO; nanoparticles.
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2,

In the immobilization of TiO; nanoparticles onto paper, it was found that about 82%
of the fibers in the Whatman No.l filter paper are accessible for binding with
CBM2a-Strep-tag 1I; CBM2a molecules on the fiber surfaces were further conjugated

with streptavidin at a density of 1.93x10%/nm”.

. The photocatalytic capability of the TiO,-containing paper was demonstrated by

photodegradation of RBS: a strip of TiO,-containing paper, with a size of lem x 2cm,
was able to completely photodegrade 1.7mL of RBS5 aqueous solution with a
concentration of 23ppm, by 365nm irradiation at intensity of 23W/m? for 12 hours.
The bioconjugated fiber-CBM2a-Strep-tag II-streptavidin-biotinylated TiO, was more
resistant to damage due to UV-irradiation than the dye RBS. However, degradation
did occur; after extensive irradiation, the network of fibers is weakened.

The bioconjugating linkages are surprisingly stable to photooxidation when compared

or other water borne organic species.
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Amino-T10, with Biotin-NHS
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His6fag CBM2a (PTiLifKker Entero-kinase cleavage site Sirepetagil

Figure 5-1 the amino acid sequence of His-CBM2a-Strep-tag 11 fusion protein
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Figure S5-2 Immobilization of P 25 TiO, nanoparticles onto paper by the bioconjugation

of fiber- CBM2a-Strep-tag 11 - streptavidin - biotinylated TiO, nanoparticies
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Figure 5-3 SDS-Page analysis; Lane 1: molecular weight markers; Lane 2: His-CBM2a-

Strep-tag 11 protein after the purification through the HisTrap FF column
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experiment paper CBM2a-IL§trep tag streptavidin TiO,
Immobilization | Whatman . . Biotinylated
experiment No.1 Applied Applied TiO,
Whatman . . Biotinylated
Control-1 No.1 Not Applied Applied TiO,
Untreated
Whatman . . TiO,
Control-2 No.1 Applied Applied (Aeroxide® P
25)
Whatman . . APTS-
Control-3 No.1 Applied Applied modified TiO,

Table 5-1 the materials applied in the immobilization of TiO, onto paper experiment

and control-1, control-2 and control-3
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Figure 5-4 SEM images of (A) the paper treated with CBM2a-Strep-tag 11, streptavidin
and biotinylated TiO, nanoparticles; (B) the paper treated with streptavidin and
biotinylated TiO, nanoparticles (the control-1 paper); (C) the paper treated with CBM2a-
Strep-tag 11, streptavidin and untreated TiO, nanoparticles (the control-2 paper); (D) the
paper treated with CBM2a-Strep-tag II, streptavidin and aminosilanized TiO,

nanoparticles (the control-3 paper);
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McMaster SEl 5.0kY  X3,700 1mn_ WD 5.9m|ﬁ

Figure 5-5 SEM image of paper treated with CBM2a-Strep-tag 11, streptavidin and
biotinylated TiO, nanoparticles; circled areas in which particles were found (4 ) or

absent (&5 ) were demonstrated by EDS
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Particle area (%) Nonparticle area (£3)
Element
Weight % Atomic % Weight % Atomic %
C 55.47 70.50 76.11 85.61
O 26.13 24.93 15.32 12.94
Ti 10.46 333 0 0
Pt 6.59 0.52 6.40 0.44
Na 0.59 0.39 0.90 0.53
Cl 0.75 0.32 1.26 0.48

Table 5-2 EDS test result of the particle area (# ) and nonparticle area (22 ) on the
paper shown in Figure 5-5
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Figure 5-6 TGA results of TiO,-containing paper prepared by the bioconjugation

method and the control papers (control-1, 2 and 3)
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Figure 5-7 Absorbance of RBS solutions containing control-1, 2, and 3 papers and the
TiO,-containing paper without UV irradiation for 24 hours. The original concentration of

RBS5 solution is 23ppm.
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Figure 5-8 Photodegradation of RB5 with the TiO,-containing paper and with the

control paper (control-3) in 1.7mL RBS5 solution at a concentration of 23ppm, under

365nm UV irradiation with an intensity of 23W/m? for 12 hours
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Figure 5-10 Optical microscope image of RB5 supernatant solution, after 12 hours of

UV-TiO,-paper irradiation (365nm, 23 W/m?)
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MéMaster SEI 5.0kV ‘ X650 ‘ 1b,um WDGDmm

Figure 5-11 SEM image of the TiO,-containing paper after irradiation for 12 hours

(365nm, 23W/m?) in RB5 solution (1 7mL, 23ppm)
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Appendix Calculation of the Densities of CBM2a-strep tag II and
Streptavidin on Cellulose Fibers

Equation 1

g A, _iAixVi
£ =~ ¢

m: mole of the protein attached to the paper

M: mole of the protein in the original solution before the paper is submerged
A;: the absorbance of the protein solution after the paper is removed

V;: the volume of the original protein solution

A; (i >2): the absorbance of the solution after the i"™ wash

Vi (i >2): the volume of the solution for washing the paper at the i™ time (25mL)

€. extinction coefficient of the protein
Equation 2

D=_—_™
S x BW x SSA

D: density of the adsorbed protein onto the paper (mol pm™)

m: mole of the adsorbed protein onto the paper (calculated from Equation 1)
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S: the area of paper applied in the experiments (S =2cmx6cm =12x108 pmz)
BW: the basis weight of Whatman No.1 filter paper (BW =87g m™?)
SSA: the specific surface area of Whatman No.1 filter paper that is accessible to CBM

(SS4=9.76 m* g1)*°
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Chapter 6 Summary and Contributions

The main objectives of this thesis were to explore the strategy of preparation of
bioactive TiO, colloidal particles, study the properties of these bioactive particles, and
develop their applications. These objectives have been achieved by covalently attaching
biotin molecules to TiO, particles and then coupling various biotinylated biomolecules to
the biotinylated TiO,. The applications developed with bioactive TiO, colloidal particles
include selectively binding and killing bacteria and immobilization of TiO, on cellulose
fibers through bioconjugation, which verify their combined biological and photoactive

functions.

6.1 Surface modification of TiO; with silane coupling agent and biotin derivative:
The surfaces of TiO, colloidal particles were modified with a silane coupling agent (3-

aminopropyltriethoxysilane) through a chemical route to attach amino groups covalently.
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The surface properties of the modified TiO, particles can be controlled by simply tuning
the silanization reaction time and the curing process. Biotinylated TiO, colloidal particles
are obtained by the reaction of aminosilanized TiO, with a biotin derivative (N-
hydroxysuccinimidobiotin). Streptavidin molecules do not induce obvious flocculation of
these biotin-TiO; particles, but they do conjugate with them. This theoretically allows the
coupling of any desired biomolecules to TiO, by the bioconjugation of biotinylated
biomolecule-streptavidin-biotinylated TiO, (Chapter 4, and 5). Biotinyltriethoxysilane,
for the first time, was synthesized, purified, and characterized.

This work led to one published paper and two U.S. patents application. One paper
concerning this part of work has been published in Langmuir 2007, 23 (10), 5630-5637.
Authors include Lu Ye, Robert Pelton and Michael Brook. A US Patent (B&P File No.
3244-166), Biomolecule compatible silica particles, authored by Michael Brook, John
Brennan, Robert Pelton, Rebecca Voss, and Lu Ye, has been submitted and is under
review. In this patent, the work related to the conjugating biotin to particles was derived
from this work described in this thesis. Another US Patent (B&P File No. 3244-157),
“Surface modified particles”, authored by Michael Brook, Robert Pelton, and Lu Ye, that

resulted from this work was filed. However, this patent has been abandoned.

6.2  The impact of UV irradiation on aminosilanized TiO;:
The rapid reduction of charges on aminosilanized TiO, colloidal particles under UV
irradiation gives insight into the photo-oxidation process on TiO, surfaces: the

organosilane coating is removed, thereby the surface charge is converted from positive to
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negative. Based on the charge conversion, a novel photo-flocculation system was
developed for the first time. This work has led to one published paper in Langmuir 2008,
24, 9341-9343. This paper, Photoflocculation of TiO, Microgel Mixed Suspensions, was
authored by Lu Ye, Chuanwei Miao, Michael Brook and Robert Pelton. In this
publication, the polymeric microgel was prepared and provided by Chuanwei Miao,

otherwise, all the research work was undertaken by me.

6.3  Selective binding and disinfection with using E. coli antibody conjugated TiO::

Biotinylated E. coli antibodies are coupled to biotinylated TiO, by using streptavidin
to obtain E. coli antibody conjugated TiO, colloidal particles. Selective binding and
flocculation of E. coli antibody conjugated TiO, to E. coli bacteria were achieved.
Selective killing of E. coli by exerting UV irradiation on E. coli antibody conjugated TiO,
particles was also achieved. The ratio of bacteria to catalyst and the agitation were found
to have influences on the selectivity of photodisinfection. This work will result in one
paper, entitled, Selective flocculation and killing of Escherichia coli with antibody coated
TiO,, authored by Lu Ye, Robert Pelton, Carlos Filipe, Hai Wang, Luba Brovko, and
Michael Brook. The paper is currently being prepared, and will be published soon. In
this paper, knowledge related to Pseudomonas putida was provided by Hai Wang and
Luba Brovko. This contribution makes them co-authors. The treatment of bacteria was
guided by Carlos Filipe, which makes him a coauthor. While the research benefitted from

the information provided by these researchers, all the research was undertaken by me.
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6.4  Immobilization of TiO; on cellulose fibers through bioconjugation:

For the first time, TiO; particles were immobilized on cellulose fibers with a uniform
distribution through the bioconjugation of cellulose - CBM2a-strep tag II — streptavidin —
biotinylated Ti0,. The bioconjugation is sensitive to UV irradiation. The photoactivity
of the resulting TiO,-containing paper was studied by the decolorization of a UV
sensitive dye. This work has led to one published paper in Journal of Materials
Chemistry 2009, 19, XX. This paper, Immobilization of TiO, nanoparticles onto paper
modification through bioconjugation, was authored by Lu Ye, Carlos Filipe, Mojgan
Kavoosi, Charles Haynes, Robert Pelton, and Michael Brook. In this publication, E. coli
containing the gene for the expression of CBM2a-strep tag II and the related techniques
was provided by Mojgan Kavoosi, Charles Haynes. The research related to bacteria
treatment and protein purification were guided by Carlos Filipe. These contributions

make them co-authors, however, I did all the research described in that paper.

6.5  Contributions to the literature

Ten years ago, when examining photooxidation by TiO,, Daniel M. Blake wrote in his
review, “It remains to be seen if the efficiency and selectivity required by potential
applications can be achieved (Application of the photocatalytic chemistry of titanium
dioxide to disinfection and the killing of cancer cells, published in Separation and
Purification Methods, 1999, 28, 1, 1-50).” The work in this thesis makes contributions

that make more likely the success of this technology.
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In this thesis, selective photodisinfection in a complex bacteria environment was first
attempted and some associated issues such as optimizing ratio of catalyst vs. cells and the
impact of the damage of the bioconjugation linker on the selectivity were also studied.
One can see from Chapter 4 that conjugating antibodies to TiO, surface is the key to
binding and killing the specific bacteria. In this work, one of the biggest challenges was
to conjugate the antibody molecules in a right way: keep the region for binding to the
antigen active. Although physisorption of antibodies on TiO, surface seems an easy
strategy, it inactivates some of these adsorbed antibodies due to the random orientation in
physisorption process.' In this thesis, the antibodies were firstly tagged by biotin, which
was further tethered to the streptavidin conjugated TiO, surface. This strategy allows the
antibody remain active to bind to antigen. Thus, we have successfully addressed one of
the problems that has plagued the development of this technology in the past.

Many researchers have demonstrated that organic materials are degraded by TiO,
when photolyzed. It was widely assumed that tethering titania particles to any organic
structure would be non-productive, as the tether would be oxidized. That is, the
destruction of the bioconjugating linker between the photocatalytic TiO, and the target
(including the bacteria or the cellulose fiber, in this thesis) due to the ROS produced in
the photocatalytic process should make impossible the development of processes to
selectively killing bacteria. The experimental data (Chapter 5) showed the bioconjugation
linker can partially resist the damage caused by UV-irradiated TiO,; only after extensive

oxidation — after it had killed bacteria — was it weakened significantly.
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Some attempts to improve the resistance of the bioconjugating linkers to the ROS from
the UV-TiO; system, including using biotin-PEG-NHS ester instead of biotin-NHS ester
and using lower UV irradiation intensity, were not completely successful in that
ultimately the killing efficiency and selectivity decreased. The fragility of bio-linker to
UV-TiO, photooxidation is probably part of its intrinsic property, because ROS are
capable of oxidizing almost all organic materials, particularly those nearby. Thus, our
research is starting to allow one to apply limits of bioselectivity and catalyst efficacy.
Ultimately, this sensitivity to oxidation means that, once used for selective degradation,
the TiO, catalyst should be recoverable from the complex chemical and biological
environment.

Another big challenge in developing selective binding and photodisinfection
experiments is the choice of an appropriate control microorganism. At first, yeast was
used because the big difference in the appearance of E. coli and yeast — they are relatively
easy to distinguish one from the another. The specific binding to E. coli by the EA TiO;
was first achieved. However, when E. coli was mixed with yeast and then applied in the
binding experiment, there was no particular specificity in binding between E. coli versus
EA TiO; for unknown reasons. Therefore, yeast was given up and Pseudomonas putida
was used as the new control bacteria. Establishing the origins of the lack of differences is
a problem that remains.

There was a secondary issue that had to be overcome: when examining bacteria, how
could we independently identify these two types of bacteria in a mixed bacterial

environment. Green fluorescent protein-containing (GFP) E. coli is increasingly being
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exploited due to its fluorescent property, which may show the difference from the control
bacteria. However, the fluorescence emitted by GFP in lab is not bright enough for visual
identification, so that this technique was not viable. Finally, a special culture medium, E.
coli/coliform count plate (Chapter 4) was adopted to overcome this problem. On this
plate, after culture, only those E. coli colonies grow with visible trapped bubbles, whereas
P. putida do not. However, during the experiments, it was found that although there was
no problem with showing reliable E. coli colonies, the numbers of colonies P. putida that
appeared without bubbles varied in each plate. Later, it was found, even when only P.
putida was cultured in the plates, the same initial number of bacteria did not lead to same
number of colonies after subculture: some plates showed many colonies, some showed
very few, and some showed no colonies at all. The number of P. putida colonies grown
on the plates was not reliable due to unknown reasons. To overcome this issue, I only
used this E. coli/Coliform count plate to count E. coli colonies, while in the experiment
simultaneously, used the regular LB-agar plate to count the total colonies of both of the
two types of bacteria. By this strategy, the reliable numbers of E. coli and P. putida
colonies in the mixed culture medium were obtained. The comparisons and analyses
were made based on that data. Establishing better links between specific chemistry, and

observed biological outcomes, remains a challenge that should be addressed.
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