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have b idely investigated for enzyme immobilization, and also
growing in biosensor applications. With interesting feathers o[0MM s, this thesis was aimed to investigate the influence of
OMMs, as well as to develop OMMSs | M - o _gmryme immobilization and biosensor application.
Therefore, the suitable OMMs and pH fac idicd.in the Emt part of this thesis. MCM-41, SBA-15,
and MCF, were simultaneously invesligale al borseradish peroxadase (HRP, EC. 1.11.1.7).
MCM-41 and SBA-15 were rod-like with respeci ul' 32, and 54 A, while Ullt&fMCF with
sphenical cell and frame structure was |45 A ized were of identical surface functional
groups and similar contents of frec silanolgr, ,élndllhmIM%HR.PIoadmgswcm
obtained and in significant leachin, haeryed all types of supp owever, MCF was found to give both the
highest enzyme loading and leaching'ai 10 Maxwmem and mmimum HRP activitics were obtamed at respectively
immobilization pH 8, and 6. Acuvilies of | ' RP inercased wi pore diameters in the order: MCM-4]
< SBA-15 < MCF. HRP immobilizedat lorag mblﬁiy {both at 4°C and room temperature), and in
appmumtanﬁlnadd:hm HRP ig &hh%mmuﬂ:huﬂum: The finding
should be uscful for the creatior CF was further developed 1o aim as a

‘mfunﬂitmmq:madlaimuwihc

onto the pore of carrier, the mass transfer must
0 investigale mass transfer affecting HRP
as used as a model as a support of silver nanoparticles
“Ultrasonication method were investigated in the second

il the adsorption time and silver precursor concentraion
he othe hmd,lhmesynlhmpmmly slightly

Silver nanoparticle was synthesize
properties of immobilized HRP. Howeve

be considered. Therefore, silica nEnopgy

immobilization with MCF. For conveniente, silicana

Therefore, the synthesis conditions of Ag/Si

part of this thesis. Following the smlh-:m$ ﬂm?ﬁﬁ

significantly affected the number of silves fumogisticles
I:lnnh;iy

affected on the size of silver distribution of the nanoparticles clearly
showed that they could be cap by the redu ime. M, the flmigtionalization reagent, (3-aminopropyl}
trialkoxysilane was also [ I o the si %0r] Since the sizes of silver nanoparticles
mwuculundtulﬂ'nqu'mmoblhm osel n &5 the mim of this work. The synthesis

et used to svnthesize Ag/MCF. Therefore,

conditions which showed the dnﬂ: 12
silver nitrate concentration of 2000 ppm

Ag/MCF was carried out under v. grnduchmhmofl!mdlh.mdf
ndadacqmonhmcnfl!h.

AgMCF w eved e - ' ‘ : erage size of silver nanoparticles
which were attached i po - m{m For enzyme based application,
the different MCF s &' different silica wder Suppo ilize HRP. It was found that, the
large surface arca of di nlMCqu:pmp] mmpommlmlcmcnqwlmd almost 100% of HRP was
immobilized However, less activity of Immf.)b]l.l HR_P was Dhm:ﬁ around 35% “t:ﬁdm to free enzyme. On
the other * e gl ma Thchlghmam!.m
of immobili ibiagup 10 98% to frés endyme. It was found that the
silver nanopartilces mhibited the activity ofmmbihmd HRP. Thcmmhchng&mbmhmnrsupm“m still
observed. For biosensor application, silver nanoparticles play an imporiant role in electron transfer. Silver nanoparticles
enhanced the currents of immobilized HRP at electrode surface modified with MCF and silica nanopowder from -2.9 pA
to-34 A, and -2.0 to -3.4 pA, respectively. This indicates that Ag/MCF and Ag/Si0; 1s suitable to further application or
develop as the recepior of biosensor.
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CHAPTER I

INTRODUCTION

In recent years, the development and application of mesoporous materials
have been a core research of porous material. Mesoporous materials have the pore
diameter 2-50 nm, which is the subset of nanostructured materials. They possess
unique surface, structuralyand-bulk properties [ If-Resulting in their important uses in
many fields such as environmenial separation, elean cnergy production and storage,
catalysis and photocatalysis, seénsor and actuators, biological application including
biosensor, and biomarker [1].

The mesoporous’ materials have;"dbdéen investigated for immobilization of
enzyme for many years. Normally; enzyn'}é'ifhmobilization aims to recover or reuse
the expensive enzyme. Reecently, “the irffﬂrhto_b'ilization of enzyme on mesoporous
materials advances to apply to bioiogical ﬁaelc;lgf%or other aims, such as for increasing
the amount of adsorbed enzyme on the eléétféﬂe' surface of biosensor. Among these
materials, the orderéd-mesoporous-materiais (OMs)ofier the many advantages for
enzyme immobilization; Their pore diameters is in the range of nanometers (1-300 A),
which is matched to the size of many biomolecules [1-2]. Ordered mesoporous
materials provide thigh sutrfacerarea and«<pore volunie £0;, peérmit the high enzyme
loading, and also the substrate and product diffusion through the pores. The ordered
structure and. controllable pore..properties, offer”the. real .possibility for enzyme
immobilization. | In" particular,” ‘thet“surface’ properties can ' be’ modified by
functionalization to improve the immobilized enzyme properties with pore space
retaining [3]. Additionally, they stable to chemical and mechanical, and resistant to

enzyme attack [4].

MCM-41, SBA-15 and MCF are ordered mesoporous material based silica, as
well known as mesoporous silicates, that has been widely studied for biomolecular

immobilization [4-13] MCM-41 and SBA-15 possess the cylindrical hexagonal



structure while MCF has spherical cells and frame structure. Due to different template
and/or synthesis conditions, these mesoporous silicates are of different pore sizes,
surface areas, and surface charges. Thus, different immobilized enzyme activities and

stability on these supports are undoubtedly expected.

It was found that enzyme immobilization on mesoporous silicates can be
simply achieved by physical adsorption: which has the least effect on enzyme
structures compared to other methods such-as‘covalent bonding [6]. In addition, the
existence of silanol groups-on-mesoporous silicas-surface possibly helps enhancing
physical adsorption of enzymes vaa hydrogen bonding [7]. It is generally reported that
factors influencing enzyme" immobilization are a pore diameter [4-5, 7, 14], and
surface characteristies™ of smesoporous ‘-sillicates [5, 10-12]. Specifically, excellent
thermal stability and high enzyme activ'r:t'ies can be obtained when average support

pore diameter matches that of enzyme mol'gcular Size.

Horseradish peroxidase (HRP, EC"t ‘1:{.'__1'_1‘_.1.7) was used as a model enzyme in
this study due to its wide applicafions. HRP{JS a catalyst for oxidative reactions of
many chemicals, for.instance, phenols and ﬁi)"li’lf)héﬂOlS (i.e. phenolic acid, flavonoids,
and tannins) [12, 13,544 Therefore; 1t -has been used to-verify contaminants in food
and waste water front oil industry, paints, polymer, and drug factories [15], and to
indicate the amounts of antioxidant compounds in food and beverages [16-17]. For
HRP immobilization] on im€soporons Silicatesy Didz Jand Bulkus [6] reported that the
amount of various proteins adsorbed on MCM-41 depended on their molecular sizes,
thus HRP with.relatively.large molecular, diameéter was_less.adsorbed. Moreover, it
was found that the’amount ‘ofiadsotbed"HRP wasthigher.on the'supports synthesized
from cationic surfactant (FSM-16 and MCM-41) than on nonionic surfactant (SBA-
15) [2]. Some other factors such as pH [7, 11] and ionic strength [11, 18] of enzyme
solution were also found to affect the degree of enzyme bonding on silica surface. For
example, the maximum degree of protein bonding was observed at a pH closed to the
protein’s isoelectric point. However, the effect of pH on enzyme immobilization on

Mesoporous silicates with different pore characters is still unclear.



Furthermore, as mention above that research of enzyme immobilization is
growing to various applications. In this study, we aimed to apply the enzyme
immobilization to biosensor field. However, it is well known that silica based material
is a semiconductor, which is not a good material for electron transferring. Therefore,
to improve the electron transfer rate at electrode surface of biosensor, noble metals
nanoparticles such as gold and silver are promising nanomaterials for adding into
carriers. Additionally, they can also increase enzyme loading because noble metals
and protein have good adsorption interaction..However, there are only a few
researched publications that-—applied" noble -metals into mesoporous silica in
nanocomposites form as bioreeepior [ 19, 20].

|

Ultrasonication™ hag bgen used in material synthesis, including the metal
nanoparticles and nano€omposites [21-23;}. There are several advantages to using this
method. It is simple method, ‘and the é_yﬁthesized mechanism is well known. It
provides a pure phase because water ig-'i-thé only electron donor. The size and
morphology of the nanoparticles were then t'f;qs_iq:r to control [21]. Ultrasound radiation
yielded smaller particles, higher specifi;:—_ gﬁrface [23-24], and more uniform
distribution dispersion of the nanoparticles [251 Additionally, it provides a narrower
size distribution thar-the thermal -method {21}. However, the effects of operating
conditions of Ag/mesoporous silica nanocomposite, such as the effects of silver

precursor adsorption time, and ultrasonic irradiation time have been not published.

This dissertation was divided into 6 chapters starting with this introduction.
The second chapter.coyers.the knowledge.related'to the background. of formation and
characterization 'off mesoporoussilica“material, inethod.and parameter of enzyme
immobilization, and biosensor. The influential parameters of enzyme immobilization
as another core technology employed in this study are also described. The third
chapter contains the literature review of the field of enzyme immobilization on
mesoporous silica materials. The influences of functionalization of mesoporous silica
materials with organosilanes, and the methods of metal nanoparticles synthesis on

mesoporous silica materials, and biosensor application were reviewed. The fourth



chapter explains the experimental procedures and the techniques use to synthesize the

nanomaterials, enzyme immobilization and the analytical methods.

Chapter 5 contains the 3 parts of the results and discussions. Part 1 covers the
immobilization of HRP on various mesoporous silicas (MCM-41, SBA-15, and MCF)
with the adsorption method. Influential parameters to enzyme immobilization which
were surface properties under various pH of enzyme solution and pore size with
different mesoporous silicas are studied. Suitable support was selected based on

loading, leaching, activitys-and storage stability of immobilized enzyme.

Part 2 describes the use of silica nanopowder to model how the selected
support is developed™ tosimproye the electron transfer rate by adding silver
nanoparticles. To investigate effects-of o—perating conditions on synthesized Ag/SiO,
nanocomposite in order £o understand the;'drrdiechanism and be able to tailor-made the
required nanocomposite charactefistics. ";TO'-"OUI‘ knowledge, no other work has
investigated effects of silver precursor adsé‘i:igtiqn time, and ultrasonic irradiation time
on the syntheses of Ag/Si0; nanbcomposiaie;sg.fﬁ The results from this work was be

useful for controlling silver “nanoparticles on 'selected support nanocomposite

(Ag/mesoporous silica)characteristics using synthesizing conditions.

Lastly, part 3 describes the synthesis of Ag/mesoporous silica following the
conditions of Ag/Si0sfrom paft 2.) The .conchision the«discussion by covering the
HRP immobilization on Ag/Si0,, Ag/mesoporous nanocomposite, and compares it
with the absence of silyer.nanoparticles. The pore-character and surface properties on
loading, ' leaching, activity, and 'Storage stability ‘of ‘immobilized’ enzyme were
investigated. The biosensor application of electrode modified HRP immobilized

Ag/SiO; and Ag/mesoporous silica nanocomposite were shown in the end.

Finally, Chapter 6 concludes the results of these experiments.



1.1 Objectives

1. To investigate the influence of various mesoporous silica supports on HRP
immobilization
2. To develop mesoporous silica with good characteristics for bioreceptor

application by adding silver nanoparticles

1.2 Scopes

1. To study structure and physical charaeteristiec of MCM-41, SBA-15 and MCF
1.1 structure and particle size were characterized by X-Ray Diffraction (XRD)
1.2 pore size, pore volumeand surface area werc measured by adsorption and

desorption of Nitrogen with Brunauer-Emmett-Teller (BET)
1.3 pore structure and arrangemeﬁt were obtained from Transmission Electron
Microscopy(TEM) _,

2. To study the influghce of imfhobilié%}tfén parameters; pH and pore size. The
good result can be congidered from':-l’(')ading, leaching, activity and storage
stability of immobilized enzyme ‘r_ﬂ"__‘; |

3. To study preparation conditions and cjgaf;izsteristic of Ag/SiO,

- The effect of adsorption time of sii{;éf’f)iécursor

- The effect 0f-concentration-of stiver-precursor—

_ The effect of reduction time

- The Ag/SiO2 was identified by UV-Vis spectrophotometer, the structure and

shape of §ilver nanoparticles werescharacterizéd by XRD and TEM, the
surface properties were measured by zetasizer nano
4. The Ag/MCE was synthesized in a similar condition as.the conditions to
synthesize ‘Ag/S10,
5. Comparison of Ag/SiO; and Ag/MCF on enzyme immobilization can be based
on loading, leaching, activity, and storage stability of immobilized enzyme,

and current of biosensor

1.3 Expected benefits

1. To obtain the immobilized HRP on Ag/MPS which high activity and stability
2. To obtain a good feature of HRP bioreceptors



CHAPTER 11

THERORETICAL BACKGROUND

In this chapter, related topics to the work carried out in this study are
presented. The properties of HRP were introduced. The formation and properties of
ordered mesoporous silica. materials, and «the smethods for charateration were
discussed briefly. Moreover,-enzyme-immobilization as another core technology
employed in this study along.wiih its influential parameters is also discussed in this
chapter. As this study is" aimed  at \development of bioreceptor in biosensor,

introduction to biosensor is«considered necessary and will'be discussed at the end.

2.1 Horseradish peroxidase

Horseradish peroxidase (HRP, EC 1_2:?1_1-11.-7) is an oxidation enzyme which can
be isolated from horseradish root and alsfj Si)tained from other sources, such as
bacteria, mold, plants, and animals [26]. The 'f.liolecular weight of HRP molecule is
approximate 44 KDa {2], and its approximate size is 64 and 37 A of the long and short

axes, respectively [27]. The other important properties are given in Table 2.1.

Table 2;1 The propetties of soluble HRP, [28]

Properties

Structure Glycoprotein with one mol€ of Protohaemin
Inhibitors Cyanide, sulfide, fluoride, azide

Optimum pH 6.0-7.0

Optimum temperature 45 °C

pH stability 5-10 (25 °C, 20 h)

Thermal stability Below 50 °C ( pH 6, 10 min)




The reaction of HRP to analysis phenol (pyrogallol) [28]

HRP
2Pyrogallol + 3H,O, —> Purpurogallin + 5H,0 + CO, 2.1

HRP has been used to detected H,O, in clinical analysis, verify phenol, and
polyphenol in food and in waste water from factories [18, 29-30]. The HRP is also
applied to polymer synthesis especially for ‘phenolic resin synthesis, diagnostic assays,
nucleic acid analysis, biosensors, bioremediations, and other biotechnological processes

[31].
2.2 The ordered mesoporous silica materials

The International Unton of Pure and Applied Chemistry (IUPAC) proposed to
classify the porous material by using the :i_rliernal pore width (diameter) as a criteria.
They subdivided porous: materials  into 3 ‘types; micropore (diameter <2 nm),
mesopore (diameter 2-50 nm),"and maé}oppre (diameter >50 nm). Therefore,
mesoporous materials are classified as nanoﬁoréﬁhs materials due to their diameters are

in the range of nano size (1-100nm) [1].

In early 1990s; the ordered mesoporous silica niaterial (OMMs) with uniform
pore sizes in mesoporous range, high surface area (~1000 mz/g), and large pore
volume (~ 1 cm3/g) wetre fecovered [32-33]. ('They <have: shown advantageous
properties as carriers for immobilization of biomolecules, such as ordered, uniform,
and adjustable pore.sizes,.large surface area, chemical and mechdnical stability, and
resistance to ‘microbial attack ‘[ 18,'34]."These materials pessess‘affinities suitable for
the physical adsorption of molecules, for example through hydrogen bonding, and
may also be used as reactive points for the attachment of tethering functional groups
[35]. Additionally, their pore sizes are suitable for the protein molecules and can
accommodate enzymes within their long channels. Thus, they provide a higher
density of enzyme loading and facilitate transport of substrate and product. [4, 18,
34]. Moreover, the open pore structure can be modified with organosilane groups to

create a high potential entrapment of protein molecules [18].



Among these OMMs materials, FSM-16, MCM-41, MCM-48, SBA-15, and
MCF have been extensively investigated for enzyme immobilization [2, 7, 35]. The
pore size of FSM-16 and MCM-41 are essentially similar such as highly uniform,
hexagonally arranged, on dimensional cylindrical pore [2, 32]. Moreover, their
surface properties are also similar since they are both synthesized by using the
cationic surfactant as a template [2]. MCM-48 possesses a three-dimensional
bicontinuous cubic pore structure, while SBA-15 has similar pore structure as that of
FSM-16 and MCM-41, but of SBA-15 are‘mueh bigger pore sizes of around 6-15 nm.
Lastly, MCFs are synthesized from the-protocol-of SBA-15 by adding the oil in water
and then use as templatc. In thas research, MCM-41, SBA-15, and MCF with different
pore sizes, pore structures, and.surtace properties were used to immobilize HRP. As a
result, the details of synthesis/parameters and their properties are given more in the

sections below. e

221 MCM-41

MCM-41 is a member ot M41S whtehjls divided into 3 groups depending on
shape and size of the pores; (1) MCM-41 whlch has.a hexagonal array, (2) MCM-48
with a cubic pore structure;-and (3) MCM=50 with-a taméllar structure. MCM-41 was
discovered by the members of Mobile Corporation m 1992 [36]. It displays an ordered
structure with uniform cylindrical mesopores arranged into hexagonal which has the
pore thickness/of 1+ 1.5'nm"and the’pore diameéter rangeiof1.5:10 nm. MCM-41 has a
large specific sutface area of approximately 1,000 ng—l [33]. These properties make
MCM-41 interesting to be used.as a, support material for heterogeneous catalysts.
However, MCM-41 lis ‘instable with niineralizingfagents,.i.e. hydroxide and fluoride
ions. Due to these agents, MCM-41 is instable in aqueous solution with pH higher
than 8. Their pore structures and sizes depend on various conditions (1) choice of
template i.e. the length of the hydrophobic chain , hydrophilic head group, and
counter ion, (2) choice of the swelling reagent i.e. 1,3,5-trimethylbenzene (TMB),

and (3) reaction conditions i.e. pH, temperature, and composition.



The formation of M41S

The formation of M41S has been explained by Zhao et al. [37] as show in
Figure 2.1. The structure and shape of M41S depends on the concentration of the
surfactant used. At lower concentration, the surfactant energetically exists as
monomolecule. With the concentration increasing, surfactant molecules aggregate
together, and then form circular micelles in order to decrease the system entrophy.
The initial concentration threshold at which monoatomic molecules aggregate to form
isotropic micelles is known as CMC (criiical micellization concentration). As the
concentration increases;—hexagonal eclose packed array appears, producing the
hexagonal phase. The next _step«in the process is the coalescence of the adjacent,
mutually parallel cyliniders«to_produce the lamellar phase. In some cases, the cubic
phase is generally believedito €onsist of complex interwoven networks of rod-shaped
aggregates [37]. -

Additionally, the formation of silic‘:?i-zon-? rod-shaped of surfactant was shown as
Figure 2.2 [38]. They proposed:that théfé__‘ were 2 possible path ways for silica
formation on the surfactant structuse. In theflI'JSt path way, silica molecules condense
around ordered surfactant structure. Whillé""i:fl*' the second path way, silica formed
during the surfactant-formation-ieadmg to torm the ordéréd surfactant. The second
path way has more pbssible tendency since it was found that Table 2.2 [39] different
M418S structures are formed by varying the silicate concentration while maintaining
constant surfactant) coficentration. (M oreover, tat thigh«pHs silica exists as a complex

mixture of melecular and polyanionic species.” Therefore, the silicate anions

participate,in.the surfactant organization process.
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2.2.2 SBA-15

SBA-15 is a family of highly ordered mesoporous silica structure. It has been
synthesized by using nonionic triblock copolymer surfactant which has a category of
poly(alkylene oxide) i.e. PEO-PPO-PEO [poly(ethylene oxide)-poly(proplylene
oxide)-poly(ethylene oxide), P123] as a template. This polymer displays excellent
interfacial stabilization properties .such as mesostructural ordering, amphiphilic
character, low-cost, commercially available; nentoxic, and biodegradable. SBA-15
has been prepared under aeidic condition at-reom temperature. Nonionic triblock
copolymer forms hexagenal mesoporous structure.at these conditions. The pore
diameter and wall thickmess of SBA-15 are in the range of 40-120 A [40] and 31-64
A, respectively. Comparingwith MCM|741, SBA-15 provides higher resistance and
stability to thermal and pressuce due to iggll;thick pore wall [41]. Pore sizes and pore

wall thickness of SBA-15/depend on temper’ature and thermal reaction time as shown

in Table 2.3.

Table 2.3 The properties of SBA-15 prepaféci f_rpm poly(alkylene oxide) [41]

e ; _u"_j‘\ —_—

Reaction — BTN Pore Wall
0 d(100) BET surface Jf’pre size
Block copolymer | teimperatu — volume | thickness
\ (&) area (m7g) | T J(A) , .
fe’é(.:) = (cm’/g) (A)
EOsPO7,EOs 35) 118(117) 630 4. 100 1.04 35
EO,)PO7,EO, 35 104(95.7) 690 47 0.56 64
EO,,PO74EO, 35, 80% 105(97.5) 780 60 0.80 53
EO,,PO74EO, 35, 80** 103(99.5) 820 77 1.03 38
EO,,PO7EO;, 35,90% 108(105) 920 85 1.23 36
EO,)PO7,EO5 35,100% 105(104) 850 89 1.17 31
EO,7POssEO; 40 97.5(80.6) 770 46 0.70 47
EO,PO3,EO, 60 77.6(77.6) 1000 51 1.26 39
EO,6PO39EO,6 40 92.6(88.2) 960 60 1.08 42
EO3POEO;; 60 80.6(80.5) 950 59 1.19 34
EO,4sPO3;EO 9 60 74.5(71.1) 1040 48 1.15 34

* reaction temperature was at 35 °C for 20 hours and then heating to the higher
temperature was done for 24 hours

* heating to 80 °C for 48 hours
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SBA-15 can be synthesized over a range of reaction compositions and
conditions (Table 2.3). At higher reaction temperature or longer reaction time, both
large pore sizes and pore volumes are obtained. However, these conditions give a
thinner pore walls due to protonation or temperature dependent hydrophilicity of the

PEO block of the copolymer under acidic synthesis conditions [41].

Comparing with PPO, PEO of friblock copolymer (PEO-PPO-PEO) has a
stronger interaction with silica thus it is‘thespait that attaches to the pore wall of
inorganic support. However,-when reaction temperature is increased, PEO block
becomes more hydrophobic. A€ sesults, hydrophobic domain volumes are increased,
larger pore size is obtainedgand smallerlengths of PEO are segmented by silica wall.
Moreover, the pore Size 0f SBA-15 can be extended to 300 A by increasing
hydrophobic volume part of the self—asse;mbled aggregates. This can be achieved by
changing the copolymer composition; bloli"czk{-size of polymer and adding the swelling

agent such as TMB.
223 MCF ' —=

Mesocellular~toam—(M€)-1s-prepared by addiiig TMB in PEO-PPO-PEO
triblocked copolymef mesostructure template. The MCE synthesis depends on mass
ratios of TMB and surfactant as shown in Figure 2.3. The transition between
hexagonal structured SBA=15:t0) MCE begins)at TMB/surfactant mass ratios of 0.2-
0.3. At TMB/surfactant mass ratio higher than 0.3, the transition of hexagonal to
cubic shape is completed, Figure.2.4 shows.the strong effect.of TMB/surfactant mass
ratios to'SBA-15 and MCEF formation-that is with'a small.change of-TMB/surfactant

mass ratios, various pore sizes and structures are obtained.
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techmque for qualitative and quantitative analysis of materials ranging from fluid to

solid and powdery crystals. Basically, XRD difractogram is generated from the
reflection of an X-ray beam by the parallel and equally spaced atoms that are arranged
in atomic planes, as shown in Figure 2.5. The phenomenon is governed by the Bragg's
law. In an X-ray diffraction, the angle (0) is measured as the angle between the arms

H n

of the diffractometer as they move. The is the periodicity of the wave and can be

any positive integer. The wavelength is incident on the lactic planes and then the
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diffraction occurs when the path of rays reflected by the parallel planes (distance
between planes, d). The crystals have their own lactic pattern. Therefore, the
condition for maximum intensity contained in Bragg's law is used to calculate details
about the crystal structure. To identify the structure of sample, the diffractogram of

sample is compared diffraction patterns of known materials from a database

Incident .
a\ ‘/ _,;' -
\—'\k‘ — L P = e

L] [ Constructive interference
d sin e 'J. when
.0 nk=2d sin 6
=T & Bragg’s Law
!

Figure 2.5 The diffractogram [.2(12-].!
it Tk

The solid matter is divided into »"Z‘ZZ‘t‘yIpes, amorphous and crystalline. For
amorphous materials‘,:"'; the atoms are not arranged in aifandom way similar to the
disorder. In contrasf;"atoms of crystalline materials are aiffélnged in a regular pattern,
and there is as smallést volume element that by repetition in three dimensions

describes the crystal.

The XRD technique has been applied to the analysis of selid matters in many
fields such as residual stress, -texture, thin film, erystallite size,and microstain, and
structure ‘analysis. In this study, the XRD technique is used to indentify the structure
of OMMs and the metal nanomaterial. The position and the relative intensities of the
diffraction lines can be correlated to the position of the atoms in the unit cell, and its
dimensions. Indexing, structure refinement, and simulation can be obtained with

specific computer programs.
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2.3.2 Surface and pore size analysis by physisorption

Physical adsorption of gases on solid surface is occurred by the attractive van
der Walls interactions of gas molecules to solid surface. The amount of adsorbed gas
can be expressed by volume or mass of gas. The gas adsorption isotherms allow to

determine surface area, pore size, pore size distribution, pore volume, and porosity.

Brunauer Emmett and Teller (BET).mcthod is a well-known rule for the
physical adsorption of gas-melecules-on a solid surface. It is the basic important
technique for analysis the specific surface area of a material. This method was

published by Stephen Brunater; Paul Hugh Emmett, and Edward Teller In 1938.

The concept of the theory, is‘van egt'ension of the Langmuir theory, which is a
theory for monolayer molgcular adsoffptf(')n, to. multilayer adsorption with the
following hypotheses: (a) gas molecule.“sd',___physically adsorb on a solid in layers
infinitely; (b) there is no interaction béfsﬁegn each adsorption layer; and (c) the
Langmuir theory can be applied to-each layei 4

The total surface area (Siup) and a specific surface/(S) area are evaluated by

the following equation..

80,0 orluas) 2.2)

BET ,total T~
v

N
SBET ] total (23)
a

Where N is Avogadro’s number, S is adsorption cross section, v, is molar volume of

adsorbent gas, and a is molar weight of adsorbed species.
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Classification of adsorption isotherm by BET

The types of sorption isotherm were classified into 6 different shapes of the 6
isotherms by IUPAC as shown in Figure 2.6 [43]. The classification reveals the
influence of the interaction between fluid-wall and fluid-fluid interaction, and pore

space affects the shape of adsorption isotherms.

Amount adsorbed —

Relative préssure —

Figure 2.6 ThedUPAC classification of adsorption 1sotherms for gas—solid
Equilibrium.

In this classification, type I isotherm is given by the monolayer adsorption, the
interaction between molecules of adsorbate-adsorbent is not occurred. The
microporous adsorbent having relatively small external surfaces is the member of this
type, such as activated carbons, molecular sieve zeolites and certain porous oxides.
Type II isotherm is the normal form of isotherm obtained with a non-porous or
macroporous adsorbent. It represents unrestricted monolayer-multilayer adsorptions

with strong nitrogen-adsorbent interaction. Type III isotherm also describes
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adsorption on macroporous adsorbents. The interaction between adsorbate-adsorbent
is weak, then the adsorbate-adsorbate interactions play an important role to this
isotherm. It is not common, but there are a number of systems (e .g. nitrogen on
polyethylene). Type IV isotherm is its hysteresis loop, which is associated with capillary
condensation taking place in mesopores. The initial part of the Type IV isotherm is
attributed to monolayer-multilayer adsorption since it follows the same path as the
corresponding part of a Type II isotherm obtained with the given adsorptive on the same
surface area of the adsorbent in a non-porous fotm. Lype IV isotherms are given by many
mesoporous industrial adsorbents. ‘The Type V- 1sotherm is uncommon,; it is related to the
Type III isotherm in that-the'adsorbate-adsorbent interaction is weak, but is obtained with
certain porous adsorbents. The Type VIiisotherm, in which the sharpness of the steps
depends on the system and the temperatur|¢, represents stepwise multilayer adsorption on

a uniform non-porous suzface.

2.3.3 Fourier Transform Infraredg,(FIIR)

#

Fourier Transform Infrared (FTIR) 1s_ zer-‘important technique for identification
the presence of certain functional® groups mia .molecule or in a compound. The
absorption spectrum of sample is obtained by allowing the infrared radiation passes
through a sample. Some of the infrared radiation 1s absorbed by the sample and some
of it is passed through-(transmitted). The resulting spectium represents the molecular
absorption and, transmission, creating a ~molecular fingerprint of the sample.
Therefore, the intensity andgspectral position of infrared absorptions allow identifying
the functional groups and chemical r¢actions, and.can be used to determine the quality

of consistency of sample or amount of compound in the mixture.
2.3.4 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is a microscopy technique where by
a beam of electrons is transmitted through an ultra thin interested sample. The
electron beam interacts with the sample as it transmitted through, and then an image is

formed. It is a major analysis method, which used in both physical and biological



19

sciences. TEM is the most powerful method to determine size and shape distributions
of nanoparticles [44]. However, extensive sample preparation that is often required

can cause preparation effects.
2.3.5 Zeta potential

Zeta potential is the potential difference between the dispersion particles and
the stationary layer of fluid attached to the dispérsed particle. It depends on the charge
and size of particle and-the concentration of ion-in the solution. Then, the pH of
suspension strongly influences the net charge of the colloid particle because the ion
concentration in the solution'is ¢hanged following the pH. At the high pH which is the
high alkali, the particles tead o be morc;- negative charges. While at the low pH, acid
will cause the particles build up, of the L;OSitiVe charges. Generally, a zeta potential
versus pH curve will be positive at-. low pH ;nd negative at high pH. Where the curve

passes through the zero zgta potential, we ealled pH at this point “isoelectric point”

(oD). e Ny
_ 4 o i'J;IJ

The value of zeta potential is refated to the stability.of colloidal dispersions. It
indicates the degree of repuiston-between-the-similareharges on the adjacent particles.
When the particles are small enough, the repulsion is higﬁ, which provides the high
zeta potential (positive or negative). As a consequence a high stability of the solution
or dispersion i§ obtained. /When) the| potentialyis! l1ow,theless: repulsion between the
charges occurs. Fhere 1S no force to prevent the particles from diffusing close to each
other. The.short distance.between particles restlts .in the attractive van der Waals
force dominates, therefore 'the colloids tend to dggregate. The'zeta-potential value

relates the stability of colloid has been given by ASTM as Table 2.4.
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Table 2.4 The correlation of zeta potential and stability of colloid [45].

Zeta Potential [mV] Stability behavior of the colloid
from O to £5 Rapid coagulation or flocculation
from +10 to £30 Incipient instability

from +30 to +40 Moderate stability

from +40 to 60 Good | stability

more than +61 Excéllenfstat_)ility

2.3.6 Plasmon adsorption of metal nanoparticle

The surface plasmon resonancefrisJ_ an oscillation of the surface plasma
electrons induced by the electromagnetic‘! field such as in radio waves, microwaves,
infrared, visible light, ultraviolet, X-rays, and "gamma rays . Under the influence of an
electrical field, there is a plasmon excitatié_if of the electrons at the particle surface.
This is called resonance which is achieved by a.-given wavelength and angle, results in
an optical absorption, This phenomenon .Czil_lé;d the plagmon absorption or plasma

resonance absorption {44 ].

This phenomenon-is the basis of many standard tools for measuring adsorption
of material onte planar metal (typically gold,and silver) surfaces or onto the surface of
metal nanoparti¢les. The characteristics of this adsorption such as the shape, intensity
and positiony of, the peaks; relate, togthey particulany metal manoparticle; the nature
structure, topology, and the cluster system [44]. The adsorption frequéncy is related to
the particular metal, the intensity of the peak is related to the amount of particle, the
absorption wavelength is related to the particle shape. This method has been used to
study of cluster nucleation and growth mechanisms [44]. Additionally, the optical
properties of metal nanopartilces embedded in an insulting host differ substantially

from the optical properties of bulk metals.
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The adsorption peak of surface plasmon express in 2 factors, these are the
spectral position (position of maximum peak) and the relative intensity. Both factors
depend on various physical parameters such as the particle size and shape distribution,
the interaction between metals, the interaction of metal particles and surrounding

medium, and the interaction of metal and other compound.

2.4 Method of enzyme immobilizatiq{l/ on mesoporous materials
r ? ),r"'
It is known that enzyme immobﬁizations have been widely studied to fix the
drawbacks of using free e zyme such as high cost. The advantages of enzyme are
enable to reuse and easieito ;eparatlon This can reduce the cost of enzyme and the

purification process. Th oblhzatlon method seriously influence on the properties
of immobilized enz iy examp C, act1v1ty, stability, deactivation, and
regeneration of immobi % zym_e Th]zjs the selection of enzyme immobilization
strategy should be consi re/l Carefully ifnrnoblhzatlon method may be evaluated

from support material propﬂrtles and apphcag}on conditions. The major methods of

S

immobilization are summarized in :F_lgure 29}7'
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Figure 2.7 Major immobilization methods [46]
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2.4.1 Entrapment

Entrapment is the physical enclosure of enzyme in a small space where the
substrate is able to penetrate. The immobilized enzyme is protected from damaging
environment. Normally, polymer and sol-gel method is used to entrap the enzyme, so
the shrinkage or swelling problem is often found, resulting in the leaching of enzyme.
Another drawback of this method is the large barrier of diffusion, as a consequence,

the long reaction time is needed for the transpoertation of substrate or production.

Encapsulation is typesof entrapment method, which is often applied in
biological field. This method Aising the continuous film or polymeric material to
enclose the enzyme in"the pore space, where the size of the pore opening is smaller
than the diameter of ithe pore sSpaee [é}Q]. This method does not require the any
interaction between enzyme and support. The strong mass transfer resistance for the

reactant and product is also the problem in this method.

2.4.2 Surface immobilization _
OMMs offer: gieat—propeities—tor—enzyine—~tmmobilization with surface
technique. OMM has-large surface area containing silanol groups which can be
directly attached by enzyme and functionalized with various chemical groups. There
are two major-iethods; to,immobilize; enzyme ©n ., surface of support material:

adsorption and covalentbinding.

Adsorption’is the attachment of*enzZyme on the surface of support particles by
weak physical forces, such as van der Waals or dispersion forces. The active site of
the adsorbed enzyme is usually unaffected, and nearly full activity is retained upon
adsorption. However, the leaching of enzyme is a common problem in this case. The
interaction can be improved by modifying the enzyme or support surface to enable
hydrogen boding to occur [32], or by adjusting pH of immobilized solution to form
the electrostatic interaction. Additionally, good adsorption can be acquired by

adjusting the environment during the immobilization such as pH, solvent,
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temperature, and ion concentration. There are many advantages of using the OMMs
for enzyme adsorption such as high enzyme loading as a result of the high specific
area of OMMs. The enzyme stability and activity enable to improve because of the
tailorable mesopores properties. The high ordered pore structure and uniform surface
offer the predictable of enzyme behavior. Adsorption is the easiest way to immobilize
enzyme on support because it is simple and no further treatment of the support is
needed. Just by mixing enzyme and support then a link is formed. There are various
supporting materials that can be employed for.enzyme adsorption, for examples

alumina, silica, porous glass;ceramics, and clay:

Covalent binding is«the.€onnection of enzyme and surface of the support with
covalent bond formation. Enzyme and support surface bind together with the help of
chemical linker containing functional grojups, such as amines, thiols, carboxylic, and
alkyl chloride [47]. The advantage of thlS method is that enzyme leaching is
minimized due to enzyme permanéently bin{ding to the functional group. However, this
strong binding can blocks active site of en'z'}:;;ne_, which results in inactivation of some

Fhd

of immobilized enzymes. =
2.5 Important parameters on activity of immobilized enzyme

Many factors correspond to activity of enzyme in immobilized state. Several

of them which are'¢onsidered prominent inthis study are discussed in sections below.

2.5:1 The-interactions. betweenimmebilized, enzyme and:support surface

by adsorption method

The three-dimensional structure of an enzyme is not very stable; due to this it
can be changed in different particular environments. The resulting enzyme always
adsorbs on different surfaces by different mechanisms and interactions [48]. The
interaction between enzyme and solid surface depends on environment such as the pH

of buffer solution, which influences the structure and charge of enzyme, and
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functional group on the support surface. The possibly interaction between surface of

OMMs and HRP molecular is given in the paragraphs that follow.

Normally, enzyme molecule consists of various types of amino acids. The
amino acids which have the hydrophobic groups will be gathering together at inner
three-dimensional structure of the enzyme molecules. While other amino acids which
have the hydrophilic groups, including the charge on functional group and the polar
groups, are outer around the molecule ‘of .enzyme. Therefore, if the adsorption
occurred at hydrophobic.group, enzyme and support will be interacted by weak
interaction of van der Walls, hydiogen bond or hydrophobic force. On the other hand,
if the adsorption is ocCurredbeiween hydrophilic groups and the support surface, they
will be interacted by the elgetrostatic intérag:tion.

1. Van der Waals interaction

Van der Waals 1s the attractive b‘i:iv__‘ge‘pulsive force between molecules, or
between part of the same molecuie vincludinga;le;eg{ween surface. It is the relatively weak
compare to the other.interactions such as eléét}'détatic or covalent bonds, but it plays a
fundamental role in the-many freids such-as the supramolécular chemistry, structural
biology, polymer science, nanotechnology, surface sciéence, and condensed matter
physics. They also used to explain the solubility of organic molecules in polar and
non polar media. Example;-at the lowimolecular weight ef‘alcohols, the properties of
the polar hydroxyl group dominate, the alcohols can be dissolved in water. At higher
molecular weight of alcohols,. the properties of the nonpolar. hydrocarbons chains(s)
dominate, resulting in the less 'solubility. Therefote, van'der Waals forces grow with

the length of the nonpolar part of the molecules.

2. Hydrogen bond

Hydrogen bond is the attractive force between one electronegative atom and
hydrogen covalently bonded to another electronegative atom. The high eletronegative

atoms are bonded to nitrogen, oxygen or fluorine, while hydrogen is the low
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electronegativity. This interaction results from a dipole-dipole force between the
molecules. Therefore, hydrogen bond is a strong type of dipole-dipole force, but this
bond is weaker than covalent, or ionic bonds. Therefore, in enzyme immobilization
field, hydrogen bond occurs by amino groups (NH;) or carboxylic groups (COOH) of

enzyme are bound to the function groups such as NH,, OH of support surface.

3. Electrostatic interaction

The electrostatic -interaction is-occurred -by-the different charges of enzyme
and solid surface. The chaigés«on the surface of ¢nzyme molecule depend on
isoeletric point (pI) of thawenzyme and the pH of buffcr solution. The electrostatic
conditions often favor adserpiions of enzyme at a solid surface [49]. However, the
electrical charge of the€nzyme affects its%tructural stability, which may also affect its
adsorption properties. Not only electrostj?q_ti}: interactions that influence the bind of
enzyme and support, hydrophobic interactir(-)'n are also found significant in many cases

[49]. —

4. Hydrophebic interaction

Hydrophobic interaction is interaction between otrganic molecules or between
nonpolar molecules. The enzymes often change conformation on adsorption to a
hydrophobic surfage] i jorderito expose hydrophobicresidues to the surface. This
probably leads the surface denaturation of the enzyme [50]. Even though, the support
surface.with.hydrophobic.properties, has, a.labile Structure. in contrast to bulk water, it
also can'be dispersed easily in the'water by 'mechanical force. This drives adsorption

to occur spontaneously.

2.5.2 Effects of mass transfer on immobilized enzyme reaction

It is well known that activity of immobilized enzyme has been limited by mass

transfer. Immobilized enzyme does not freely contact with substrate in solution,

which is in contrast to that of free enzyme. There are two types of mass transfer
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limitation in a system involving immobilized enzyme; external and internal. External
mass transfer barrier occurs when enzyme is immobilized on the outside surface of
support. For enzyme immobilized inside the pore of a carrier, internal mass transfer
becomes important. The extent of mass transfer effect on enzyme activity varies
considerably and used to be determined empirically by doing a specific experiment

for each immobilized enzyme application.

1. The effect of external mass transfepresistance

The external mass transfer resistance is considered in cases that enzyme is
immobilized on nonporousstipport: The mass transport from bulk solution to support
surface and reaction-at the" immopbilized enzyme position is emphasized. The old
traditional model, called the Nernst diﬁus;‘ion layer is used to explain this mechanism

as shown below

N, Jo s 2.4)

Here, S and S, are the substrate concentrations at-the .interface and in the bulk
solution, respectivelysks1s-the-mass=transter coefficient: The mass-transfer coefficient
is a function of physical properties as well as hydrodynamic conditions near the

interface.

2. The effect of internal mass-transfer resistance

In this case, enzyme isitypically*immobilized on the internal surface of porous
supports. The substrate diffuses from the bulk solution to support surface, and then to
the immobilized enzyme in the pore. The effective diffusion coefficient (D) is used
to explain the internal mass-transfer resistance which relates to the support properties

as the following [51].

1. Some of the particle cross section is occupied by solid and hence not

available for diffusive transport (parameter : particles porosity ¢, )
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2. The pore network is complex and entangled so diffusion occurs only in
allowed, frequently changing directions (parameter :tortuosity factor t )

3. Pores may have very small diameter, similar to substrate molecular
dimension (restricted diffusion situation; parameter : K,/K,)

The effective diffusion coefficient for substrate may be written as a function of

the support properties as shown below

D, =D r 2.5)
— K

Where D, is the substratediffusiwity in the bulk solution, €, is the porosity parameter,
tortuosity factor values argtisually assumed to be in the range of 1.4-7, the restricted

diffusion occurs is obtained from the crudé estimate by equation below.

pore

e
K f
?l’ ~ (1 _ rs:bstrate j _ _ . (26)

Where rpsrare and 7sre are the radius of substrate molecular and pore respectively.
2.6 Biosensor

A Dbiosensof is< an' analytical ' dévice" used 'in ‘order to determine the
concentration of substances and 6ther parameters of biological interest [52]. It
combines a biological’,component with a physiochemical detector component which
converts a biological response into an electrical signal. The main components of a
biosensor are bioreceptors and transducer. Bioreceptors are a biological component
which highly specific bind to only one substrate (analyte), which are enzyme,
antibody, and DNA. Transducers are devices used to convert a physical or chemical
change into a measurable signal. Normally, it is an electronic signal, which its

magnitude relates to the concentration of a specific chemical or set of chemicals.
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According to the types of transducer which is quantitate the amount of analyte,
the biosensors are classified into 4 types such as electrochemical, optical,
piezoelectric, and thermal devices. Electrochemical system was used to study the
respond of HRP on phenol detection in this research. Thus, the background of

electrochemical will be introduced in the following paragraph.

Electrochemical system is set up by 3 electrodes which are working electrode
(WE), reference electrode (RE) and countet elccirode (CE). The working electrode
consists of biomolecular-which is immobilized-into support and then trapped by
polymer on the electrode surfaccs The reaction of interest is occurred at the working
electrode. Common materials {or Workirrg electrodes include glassy carbon, platinum,
and gold. The referenee electrode is, an electrode which has a stable and well-known
electrode potential. The most common reference electrode systems used in the
aqueous solutions are Ag/AgCL The couhter electrode is used to ensure that current
does not run through the reference electr;‘_‘dde; which would disturb the potential of
reference electrode. It has an oppoéite m srérr to that of the working electrode, but its
current and potential are not méasused. The;eeunter electrode often has a surface area
much larger than that of the working electrode to ensure that the reactions occurring
on the working electiode-are-not-surtace-area-limited-by the working electrode. The

two types of electrochemical transducer will be introduced next.
2.6.1 Voltammetry

Voltammetry is one of the electroanalytical*techniques that measure a current
as a function of potential. The difference between potentiometry ‘and.'voltammetry is
obtained from 3 electrode system. The potential is applied to the working electrode as
a function of time, and then the current is measure as potential varied. The signal in

the form of current as a function of potential is called voltammogram.
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1. Cyclic voltammetry

Cyclic voltammetry (CV) is an excellent technique for the study of
electroactive species. The controlling potential is applied to the working electrode and
after it reached the set potential, the potential is scanned in reverse, resulting in a
negative scan back to the original potential and thus the cycle is made. Single or
multiple cycles can be used on the same supfafe. This inversion can happen multiple
times during a single experiment. The clirfent at the working electrode is plotted
versus the applied voltage to-give the Gyclic voltammogram trace as shown in Figure
2.8 [53]. Cyclic Voltammogram shows| the anodic peak potential (Ep,), anodic peak
current (ipa) or 0x1dat10n et becaué&e the potential is scanned positively, anodic
current occurs when the eléctrode becomcs a sufficiently strong oxidant. When the
scan direction is swim‘/e to, nega&ve -for reverse scan, the electrode becomes a
sufficiently strong redyémt Th1s caus'bs the cathodic peak potential (Ep.), the

cathodic peak current (13,{) or teduction” Gtu‘rent oceurs. This oxidation peak will

usually have a similar shape to the reducuox{ “peak.
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Figure 2.8 Current-potential plot for cyclic voltammetry [53]
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2.6.2 Amperometry

In this technique, a constant potential is applied at the working electrode. The
analyte is oxidized or reduced by the immobilized biological molecules at the surface

of electrode. The measured current is a proportion of the analyte concentrations.
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CHAPTER III

LISTERATURE REVIEW

This chapter leads the reader to, explore literature in the field of enzyme
immobilization on mesoporous silica materials. The enzyme immobilization is very
useful for practical applications, 1.e. biocatalysis. biosensor, and separation [18]. The
immobilized enzyme may show improv'Jed stability to the effect of heat and chemical
deactivation. Further mose; itsShould be possible to use immobilized enzyme in
solvents in place the natiVe enzyme would be insoluble [1]. However, activity of
enzyme is reduced by immobilization process. There are many reasons that affect to
actvity of immobilized enzyme such as t-fle binding type of enzyme and carrier, and
pore diffusion resistange [1; 4]. As‘a result many methods of immobilization have
been developed to obtain both hlgh stablll,ty and activity. In order to improve the
immobilization of enzyme and the loading of metal in mesoporous silica, the surface
modification by organosﬂane was_also descrlbed Finally, the synthesis of metal-
mesoporous nanocomposue 1nclud1ng the type of metals, the synthesized technique

and biosensor apphcatlon, was further review.
3.1 The enzyme immobilization by using ordered mesoporous silica

There are 3 main parameters must_to be considered on enzyme
immobilization. The'enzyme properties at the immaobilization andsusing conditions are
the first! parameters. The second and thirds parameters are the chemical and
mechanical of carrier properties, and the method of enzyme immobilization,

respectively.
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3.1.1 The enzyme properties

The enzyme properties are the biochemical properties and kinetic parameter
[1]. The biochemical properties are the own character and properties of enzyme such
molecular weight, size, functional groups, surface charge and purity of enzyme. The
kinetic parameters are the specific activity, pH and temperature. The biochemical and

kinetic of HRP were introduced in the chapter 2, section 2.1.
3.1.2 Ordered mesoporous silica materials

A suitable carrier ig*olsa critical importance for the activity of immobilized
enzyme [1]. The chemicalfand physical properties such as surface area, functional
group, surface charge’poie size, morphology and stability of carriers must be

considered to making thg'comrect carrier.

In this decade, mesoporous silicas v:fh1ch have the pore diameter in the range
of 2-50 nm have shown a good advantage;fa'sjf:'carrier in bio-immobilization. It has
demonstrated good features, such as orderé&"aﬁd uniform-size, adjustable pore size,
large surface area, chemical-and mechanical stabihity; -and resistance to microbial

attack [1, 18, 34].

1. Thechémicaliproperties

The chemical properties demonstrate surface properties such. as the functional
groups and surface'charge of cartiets: The différent! carrier materials possess the
different function groups and charge on their surface. The interaction of the enzyme
and carrier depended strongly on the nature of the functional groups that attached to
the surface [35]. The interactions may result in the activity, leaching, and stability of
immobilized enzyme. The interactions between enzyme and surface of mesoporous

silica by adsorption as described in paragraph following.
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Hydrogen bond

Hydrogen bond is the attractive force between one electronegative atom and a
hydrogen covalently bonded to another electronegative atom. It results from a dipole-
dipole force with a hydrogen atom bonded to nitrogen, oxygen or fluorine (thus the
name "hydrogen bond". In the case of enzyme immobilization, because of the
functional group properties on silica surface, the silanol groups are suitable for the
physical adsorption of enzyme molecules by hydrogen bonding. As shown in figure
3.1, the hydrogen bond is ocecurred by ithe hydrogen atom of amino groups or
carboxylic groups of enzyme bind with the hydrogen atom of silanol groups.
However, the hydrogen bond is” weak interaction, resulting in the immobilized
enzyme is easy to leach .Additionally; Chong and Zhao [4] found that hydrogen
bonding caused the penicillin acylase slo%vly adsorbed 1nto the OMMs [4].
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Figure 3.1 Hydrogen bond between enzyme and silica surface [4]

Electrostaticiinteraction

Electrostatic interaction is the charge action of enzyme and silica surface
(Figure 3.3). It depends on many factors (1) charge properties of enzyme and carrier
considered from their pl, (silica surface has pI around 2) (2) surface functionalization
of silica with chemical [54] (3) template type i.e cat-ionic surfactant provided more

negative charges of silanol group on the silica surface. As result, enzyme absorbed
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more on silica carrier surface prepared from cat-ionic surfactant than nonionic

surfactant [2].

By adjusting pH of enzyme solution during immobilization, net charge
difference between enzyme and carrier is obtain, this will affect their electrostatic
interaction. Additionally, this interaction depends on pl of enzyme and carrier.
Loading and adsorption rate of enzyme on silica material was faster when pH value of
enzyme solution was lower than its pl [4].Ter example, at pH value of 3.4 highest
activity of immobilized Chloroperoxidase (CPO)-absorbed on MCF was observed [7].
As this pH, enzyme had a_negative net charge whilc MCF had a positive charge.
Resulting in an electrostac interactioill was obtained. However, reduced enzyme
activity was observed‘at lower pH Value:, due to strong binding of enzyme and MCF
which caused inactive’of enzyme. CPG was unabsorbed on MCF when enzyme

solution with pH 5 was used because both*’enzyme and MCF had negative charges.

- £
Moreover, ionic strength is-one fac':fo'r that affects to adsorption of enzyme. It

was found that the adsorption of enzyme and:protem when presented a high amount of

ion in buffer solutlon wasreduced [18 $517
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Figure 3.2 Electrostatic interaction between enzyme and silica surface [55]

Hydrophobic interaction

As explained in chapter 2, section 2.5 that hydrophobic interaction is the

interaction between organic molecules. The hydrophobic and hydrophilic properties
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of carrier surface have more influence to the adsorption of some proteins on
mesoporous silicas than electrostatic interaction [55-56]. The hydrophobic properties
of silica surface can be improved by functionalization with organosilanes. The
hydroxyl groups of silica surface are co-condensation with organosilanes as will be
more described later in section 3.2. The hydrophobic interaction between enzyme and
silica surface is shown in Figure 3.3. This surface modification can enhance the
interaction between enzyme and silica surface and also increase the electrostatic

charge of enzyme and silica surface [4].
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Figure 3.3 Hydrophobic interactions between enzyme and silica surface [4]

2. The effect of functional groups

In recent work, some groups of researchers [3-4, 9] were interested in
organosilaney materialsy which- present jthey rich~functional~greups, to provide the
essential. interactions ‘with ‘the” ‘enzyme. "The ‘“interactions’ of' enzyme and the
organosilane modified support materials can be enhanced by physical force (i.e.
hydrogen bonding, van der Waals, hydrophobic, and electrostatic interactions) or by

chemical bonding with the help of a cross-linker [4].

The functionalization of silica MS 3030 with cotyltriethoxysilane was studied
to immobilize lipase from Candida antarctica B [57]. The modified mesoporous

silica surface supplied a high hydrophobic interaction between surface and enzyme
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and then enhanced the stability of the adsorbed enzyme molecule. However, in their

research, enzyme with high uptake was inactive because of its accumulation.

Various mesoporous silicas i.e. MCM-41, SBA-15, MCF were functionalized
with 3-aminopropyltriethoxysilane and glutaraldehyde for a-amylase immobilization
[30]. The 3-aminoproplytriethoxysilane was covalently bonded to silanol groups on
the surface of mesoporous silica. Then one of the —-CHO groups of gulataraldehyde
was coupled with amino group of 3-aminopropVliethoxysilane. Another -CHO group
of glutaraldehyde was free-torimmobilize with-=NH» group of enzyme by chemical
bonding. The specific activityand stability of immobilized o-amylase were highest on
the biggest pore sizedd mesoporous silica (MCF carrier). Moreover, the
functionalization of "MCF with' wvarious organosilanes for immobilization of

Glucozamylase by chemical boding was studied by Szymanska et al. [10].

Chong and Zhao, [3] Studiedr-ftd" functionalized SBA-15 with various
organosilanes  such  as 3—amiﬁé})frgplyluiethoxysilane (APTES), 3-
mercaptoproplylmethoxysilane (MPTMS)V, 7 phenyltrimethoxysilane  (PTMS),
vinyltriethoxysilane (VTES),' and 4—(fﬁé’fﬂdxysily)butyronitrile (TSBN) by
investigating the effect of organosilanes types and the folar ratios of organosilane to
TEOS also. The formation of the mesoporous structure was disrupted by
organosilanes as follows VTES<TSBN<PTMS = MPTMS<APTES. The lower
organosilane/TEOS ratios’ provided the high surfaces' and “wide pore diameters of
functionalized SBA-15. Thus, they chose the SBA-15 functionalized with 1:20 of
organosilane/TEOS-ratios:to immobilize therenzyme penieillin, acylase;[9]. From their
experimental data, the functionalized SBA-15 showed "a“significant faster adsorption
rate and a higher adsorption capacity than the unmodified SBA-15 because he
functionalized-organosilane surface increased hydrophobic interaction between and
carrier. The VTES-functionalized mesoporous support was found to be a good
potential support for physical immobilization of penicillin acylase because it obtained
both of high enzyme loading and activity. However, the organosilanes (MTES, VTES,
PETS, and phTES) did not improve the activity of glucose oxidase immobilized in

mesoporous gel [58].
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3. The physical properties

These features are suitable for the physical adsorption of molecules by
hydrogen bonding of enzyme and silanol group on the silica surface. The silanol
group can also be used as reactive points for the attachment of tethering functional
groups [35]. Moreover, diameter of mesoporous silica is matched by the size of
protein molecules. Mesoporous and accommodates enzyme within its long channels.
Thus, they provide a high density of enzyme loading and facilitate transport of
substrate and product. [4,-18;34|. Moreover, the-open pore structure of mesoporous
silica can be modified with=Organosilane groups to obtain a high potential of

entrapment of protein moleettles [18].

Pore size of supports and the size;*of enzyme molecule should be matched to
immobilize enzyme withadsorption metﬁ'gcii Small pore size of the supports can not
allow enzyme molecule o the inside suﬁace of the pore, varying enzyme to be
immobilized on the outside surface. Ofl‘ ;the other hand, higher leaching of
immobilized enzyme occurs in the case of%rgé pore size of support. However, the
carriers should be sufficiently large for alldv;/iﬁg'enzyme to. pass through easily and to
be adsorbed firmly | Gir-the-surface-of pore-watl:thus; adjustable pore size is very
useful for enzyme immobilization by adsorption niethod on mesoporous silica
material. Diaz and Balkus [6] found that the immobilized protein on MCM-41 was
reduced when/thetprotein/molecule iwas bigger! Mor€over, pore size of carrier also
influences the equilibrium rate, loading, and leaching of enzyme. The adsorption of
penicillin acylase (PA), on, a.large pore support-(SBA-15, & 90“A), reaches to the
equilibrium faster~than’ small" pore’ support (MCM-41 740 A 6} Similarly, the
loading of typsin on SBA-15 was much higher than MCM-41 and MCM-48, while the
leaching was lower [35]. Takahashi et al. [2] observed that HRP and Subtilisin
loading on the large pore of various mesoporous silica supports were higher than

small pore but the data of leaching has not been reported.

Shape or morphology of support is a one of many parameters which influences

the immobilization of enzyme. Lei et al. [34] found that the carrier with various
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structures (Figure 3.1 a-d) obtained different enzyme loading. Enzyme immobilized
on a rod shape SBA-15 obtained a higher loading and a faster adsorption rate than
con-SBA-15 (conventional SBA-15), macroporous mesoporous membranes (MMM)
and mesoporous monoliths (MM), respectively due to the small shape of carrier which
allowed enzyme to come to its pore easily and faster. Moreover, carrier with bottle

neck shape did not ease enzyme and substrate to come in the pore [7].

Figure 3.4 Scanmng electron mlcrograph (SEM) of various shapes of silica
(a) rbd S]?A- 5 (bl) conuSBA 1§ (c) N’[MIM\/I ((P ‘MM [34]

]
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The methods of enzyme immobilization influence the activity of immobilized

enzyme as described in chapter 2, section 2. 4 . The methods to immobilized enzyme

by using OMMs as the carriers were summarized in Table 3.1



Table 3.1 The enzyme immobilization using ordered mesoporous silica

Support Method Enzyme Analysis Ref
cytochrome ¢
tyrpsin Hydrolysis of
MCM-41 encapsulation . 6
papain BAPNA
horseradish peroxidase
MCM-41, \ /
MCM-48, ” \ / i 56
encapsulation N. c cyclic votammetr
AI-MCM-41 b — Y Y
Nb-TMS1
MCM-41 encap / / / ﬁ“‘@ | cyclic votammetry 98
. hydrolysis of
MCM-41 adsOrptio " penicill . 8
/ };":*-“" o5 phenylacetic acid
SBA-15 } ‘
. hydrolysis of
Modified-SBA- 9
phenylacetic acid
15
hydrolysis of
MCF-41 Yoy 18
BAPNA
FSM-16,
oxidation of
MCM-41, - 27
hammobenzene
SBA-15
SBA-15, =
|| 1D hydrolysis of
MCM-41, a tion Trypsin ' 35
, BAPNA
MCM-48 L - (V)
MCM-41, f j
SBA-15, adsorption horseradish peroxidase phenol 59
o/
WAl e 01N [
MCF '\ 1binding |} |4 chlor ox|da¢ | MCDyass 7
MCMill,
SBA-15, chemical bonding a-amylase hydrolysis of starch 30
MCF
) o organophosphorus
SBA-15(-COOH) | chemical binding paraoxon assay 34
hydrolase
SBA-15 (-SH, - o , hydrolysis of
chemical binding trypsin 35
Cl, -COOH, etc BAPNA
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3.2 Surface modification of mesoporous supports

The surface functionalization/modification of mesoporous material has played
an important role in enzyme immobilization as introduced in the section 3.2. It has
improved the interaction between enzyme and carriers. Additionally, the
functionalized surface is needed for synthesis of metal-silica nanocomposite, which
would be given more detail in the section 3.3 There are 2 ways to functionalize the
mesoporous materials, the direct-synthesis and grafting. The functionalized surfaces

are built in the pore wall of support materials and replace the old surfaces.
3.2.1 Direct-synthesis v

The direct=Synthesis (also krib\y as co-condensation), is a single step
method of surface modification by copol;lfl_nerization of an organosilane with a silica
in the presence of a surfactant template. Tflié: approach provides a higher and more
uniform surface coverage of organosilaﬁ%,'Nfljmctionalities. Moreover, the surface
properties of modified materials are easier to control. However, the structure of
mesoporous might be affected by the inféfﬁ&ion betwgen organosilane and silica
source. Additionally, the trouble of this method is the template removal step which
uses solvent extraction. Probably, the template can not be all removed by solvent

extraction.

The 4 co-condensation method was used to modified SBA-15 by
oganosilanesy which had+y, various; funetional ~groupss sueh ~asgpamino (-NHo),
mercapto(SH), phenyl (-C¢ Hs),"vinyl(C=C) and ‘carboxylic (COOH) [3-4, 9]. The
ratios of organosilanes to tetracthyl orthosilicate (TEOS) were investigated by varying
the ratio from 1:2-1:20, depending on the type of organosilanes. They found that there
were different concentration limitations for different organosilanes that could be co-
condensed with TEOS while a good mesoporous structure can be maintained. When
the concentration of organosilane was higher than the limitation, the mesostructure no
longer exists but a mixed structure of micro and mesostructure was obtained. Among

these organosilane groups, they found that APTES which had the amino groups
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strongly affected the formation of mesostructure. They explained that amino groups of
APTES are easily protonated under the acidic conditions. Then, they would cross-link
with the silanol groups of the TEOS. This is resulting in the disruptions of the silicate
walls. Additionally, this protonated amine groups can interact with silanol groups,
which prevented the interaction of surfactant and silicated to form mesoporous SBA-

15.

3.2.2 Post-modification

The post-modification«(also known as grafting method) consists of reaction of
a suitable organosilan¢ andsSilanol groups of pore wall surface. The covalent bonding
of organosilane and silanol” groups is fofmed as a functional layer inside the pores.
The advantage of this® method 'is the —preserved structure of mesopore material.
However, it had some drawbacks [9]: Th;*':‘. [;;)re size and pore volume of mesoporous
materials are reduced after functionalizatit?ﬁ' [1, 30]. I is quite difficult to control the

loading level and uniformity of functional giioups
d # : lj‘la

The traditional grafting method, thé‘f(')'fg*'eiriosilane reaction is carried out using
an appropriated solveht-underretiux-conditions: theaceessible surface silanol groups
which would interact with organosilane also play a key role in grafting. Recently,
Luan et al. [60] reported the convenient method for functionalizing the amino group
(-NH;) on pore-surface of "SBA=15.] The functionalizations Aave been success fully
incorporated into the channels of the SBA-15 by an incipient-wetness impregnation
procedure .at, 100°C for_24_h._The,. incorporation, process, is..highly convenient,
quantitatively contiollable, and réaches the maximiam molar pecentages of about 13%
with respect to silicon in parent silica material. The modified materials still possess
the high BET surface area up to 700 m*/g and well-defined mesoporous structure with

pore dimensions less than 7 A smaller than that of parent SBA-15.
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3.3 The metal/mesoporous nanocomposite

As we explained in the chapter 1 that one of the aims of this study was to
apply the enzyme immobilization to biosensor field. Thus, the type and method to
synthesize metal nanoparticle in/onto the mesoporous material to form metal-silica

nanocomposite must be consider and reviewed in this section.

Recently, enzyme immobilizations oa‘metal nanoparticles in sol-gel, polymer
and mesoporous silica for biosensor “applications have been studied [20, 61-63].
Nanoparticles are advantageoussfor biosensor application because they have good
interaction with the protemn amd also enhance the electron transfer. Various metals
have been studied as bioreeepior of bioseénsor for enzyme attachment, including silver
(Ag), gold (Au), platinim (Pd), and palladium (Pd). The loading of gold nanoparticles
in various polymers have been published [{6_4—67].

3.3.1 The metal nanoparticles and"ﬁio§pnsor application

1. Silver naneparticles

Silver is the best conductor among metals, silver nanoparticles may facilitate
more efficient electron transfer than gold nanoparticle in biosensor [62]. The silver
nanoparticle playS important: role in' biosensor in" 2 “ways. It can enhance the
conductivity of @nzyme electrode and absorb enzyme. The immobilization of glucose
oxidase~omyAg/nanoparticle sol was) investigated forgthe first-time by Ren et al. [68].
Ag nanoparticles were added in sol-gel film for preparing-a biosensor. The current of
enzyme electrode increased with the presence of hydrophobic Ag sol, and time to
reach the steady-state current response was reduced. HRP immobilized on silver
nanoparticles dropped in sol-gel, biosensor with high sensitivity, quick response to
H,0,, and good stability [62]. Compared to traditional sol-gel biosensor, Ag

nanoparticle containing biosensor exhibited higher sensibility.
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However, only few researches have been focused on application of silver
nanoparticles and mesoporous silica composites. From literatures, some workers have
synthesized silver nanoparticles or nanowires by using mesoporous silica as a
template [69-70]. Other researchers have not clearly applied Ag-mesoporous silica

composites on enzyme immobilization or any fields [71-72].

2. Gold nanoparticles

Gold nanoparticlesare favorite metal -which have been investigated for
attaching enzyme to biosensoibeeause of their biocompatibility. They can provide an
environment that is suitable to/enzyme '-Emmobilization [65]. The gold nanoparticles
were added in chitosan to improye the current of HRP biosensors [65, 73]. Line et al.
[73] prepared biosensorby entrapment HRP in colloidal gold nanoparticles which was
modified to chitosan membrane while Xu ~et al [66] prepared biosensor by entrapment
HRP in silica sol-gel followed by 1rnk1ng with chitosan-gold nanopartilce
nanocomposites (Figure 3.5). Even though"the preparations were different, but both

,u
biosensors exhibited fast amperometrrc and_—hnear response. The gold nanopartlcles

electrode, for examp}e——by—trsrng—drthro} {74} —and cysteamrne [75] to make a
connection between ~electrode and nanoparticles. Glucose oxidase has been
immobilized on gold nénoparticles with various methods such as direct adsorption, or

covalent linking'[74-75].
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Figure 3.5 The structure of carboxymethylehitosan (A) and the electron transfer

between the'cleetrode/and HRP (B) [66]
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However, there are Just few pubhshed reports on gold nanoparticle-
mesoporous silica composite: It is stlll a novel approach to enzyme immobilization for
biosensor construction. Gold nanopartla_ s—mesoporous silica composite was

synthesized by a postsynthesm procedure for enzyme | and protein immobilization

[19-20]. Gold nanopartlcles were incorporated into SBA—IS for glucose oxidase
immobilization in biosé_:nsor construction by Bai et al. [19]. In their research, gold
nanoparticles/SBA-15 Wwas successfully synthesized with a high and uniform gold
loading. The nanoparticles were formed from AuCl, adsorbed on H,N-SBA-15 by
NaBH,4 reduction. Most of Au nanoparticles are sphere in shape and size was around
3-5 nmalthough somerbigionessstill can berobserved (Figure 346). (The construction
of the glucose biosensor was shown in Figure 3.7. Briefly, the gold nanoparticles
SBA-15 composite was dropped on Au electrode surface with PVA as a supporting
medium. Then the nanoparticles were functionalized by 2-aminoethanethiol to obtain
-HN, groups. Finally, enzyme was immobilized on nanoparticles through the
formation of Schiff bases between —HN, of 2-aminoethanethiol and CHO groups of
enzyme. the biosensor exhibited an excellent bioelectrocatalytic response to glucose
with a fast response time less than 7 s, a broad linear range of 0.02-14 mM, high

sensitivity of 6.1 uAM'1 cm?, as well as good long-term stability and reproducibility.



(A) ja.90MmM

| Au substrate ]

Figure 3.7 Fabrication processes of the Au electrode modified with 10,4 oxidized-

GOD/GNPs-SBA-15 [19]
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Additionally, gold nanopartilces—SBA-15 composite was also used for
encapsulation hemoglobin [20]. The HAuCl4 solution was added in SBA-15 which
was previously after functionalized with  N-trimethoxysilypropyl-N,N,N-
trimethylammonium chloride (TMSPA). The mixture was combined with NaBH, to
obtain Au-SBA-15. Figure 3.8, was shown TEM image of SBA-15 and Au-SBA-15.
The average pore diameter of SBA-15 is about 5.8 nm as shown Figure 3.8 (a). From
TEM image, it was clear that Au nan'bp.a{r}ﬁ des was incorporated and isolated inside
the pore of SBA-15 (Figure 3.8, ¢). Au n%{gﬁes are approximately 2-3 nm. The

T — e
influence of solution pHystructure of mesoporousssilicas and gold nanoparticles in

hemoglobin immobilization vestigated. It was found the hemoglobin Au-SBA-

15 displayed good electro i¢ redugtion of hydrogen peroxide. Hemoglobin/Au-

SBA-15 exhibited hig 1vi g,n-_bi‘@s;;nsor with out gold nanoparticles.

-20 nm

Figure 3.8 TEM images of mesoporous SBA-15: side view (a) top view
(b) and mesoporous Au-SBA-15(c) [20]
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3. Platinum nanoparticles

Platinum nanoparticles can also facilitate the electron transfer and increase the
surface area with enhanced mass transfer characteristics [76]. Platinum nanoparticles
were doped in sol-gel solution to entrap glucose oxidase as biosensor [77]. Sol-gel
solution containing amine group (by adding N-[3-(Trimethoxysilyl)propyl] ethylene
diamine, EDAS) was utililized f \ the affinity of —-NH, groups toward
metal nanoparticles for stabili X &es in solution and prevented their
aggregation. The nanoparaﬂhs-m-ﬁol gd sol reduced with NaBH,4, and then

glucose oxidase was i

1cle was varied; the minimal

size was around 2-3 nm about 40 nm, with 60% of the

characteristics such as high sen v, short response time, and large current density
A ,.?j“'ﬁ -

than without Pt- naliolpartlcles "EVE:’H with Pt O‘I material still retained a

g o

Figure 3.9 TEM micrograph of the Pt-silicated sol [77]
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4. Palladium nanoparticles

Palladium nanoparticles (Pd) and glucose oxidase were deposited onto Nafion
solubilized carbon nanotube (CNT) for making biosensor [80]. The co-deposited Pd —
glucose oxidase biosensor retained its biocatalytic activity and offer an efficient
oxidation and reduction of hydrogen peroxide, allowing for fast and sensitive glucose
quantification. Comparing with = Nafion-solubilized CNT, Pd-glucose biosensor
storage time and performance was enhanced:

From above paragraphs: silver and gold have been wildly using to immobilize
enzyme and also enhance gléction ransfer on the surface electrode of biosensor field.
However, silver is much eheaper than | gold, which is"suitable and possible to be

developed as a part of analyfical deviee.

3.2.2 The synthesis of silver/mesoli'()r()us silica

s I
3

There are many published techniéiﬂe;;f'ﬂ for the preparation of silver-silica
nanocomposite or -silver nanoparticles [21*, 64, 71, 81-84]. In nanoparticle
preparations, the confrol-of-particie-size; shape; and paiticle size distribution is the
critical factors to be considered [70, 85-86]. The different techniques may yield in the
different properties of silver nano particles. The synthesis of silver nano particles are

mainly different i the reduction techniques @s igiven™more«detail in the paragraphs

following.

1. Co-condensation with’silicé precursor

Co-condensation is one of the simplest ways to introduce metal to mesoporous
silica. In this method, metal salts are added to the solution which contains surfactant
and silica source molecules. This technique has been successfully applied for
preparation of Al, Mn, V, Co or Cu containing materials. It has been shown that the

structural properties and nature of metal oxide species are strongly relates to the
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preparation condition, including pH of the solution, temperature and the ratio of silica

and metal. The mechanism of formation of such systems is still under debate [87].

There are some researches which have been published above the synthesis of
nanoparticles mesoporous silica composites with co-condensation approach. Gac et al.
[87] compared the influence of the co-condensation (direct hydrothermal) and
template ion exchange (TIE) method for preparation of Ag/MCM-41 composite. It
was found that silver species obtained by the.TIE technique were strongly dispersed
on the silica support. On-the other hand, direct hydrothermal provided more regular
structure and higher surface aréa but obtained various sizes of silver species. AgBr

species also were detected in'the fresh support prepared Dy this method.

Moreover, silver nanoparticles we::re synthesized using SBA-15 as a template
by Zhu et al. [70]. First they syntﬁesized?f drriésoporous silver-SBA-15 composite then
removed of template to obtain silver nand?’articles. The method in their study can be
also used for silver nanopartié’les rﬁééqurous silica composite. They also
recommended criteria to obtain Silver nanoﬁéﬁ%les mesoporous silica composite: (1)
AgNO; forms the complex with a block;"fé'(;ﬁélymer surfactant (P123), (2) Ag is
attached to the inner Swali-of-the-mesoporous-siica-and does not exist outside of the
pore channels, (3) The Ag/SBA-15 materials prepared sﬁould maintain the original
ordered mesoporous structure of the SBA-15 framework. They also proposed that

silver nanoparticles aré formed inmesoporous! silicain Steps:described in Equation

3.1-33.

REO,, +HNO; —+—=> | REO#[(EO)H;0". (NO5 3.

AgNO;3
REO,,[(EO).H;0"]...NO; —> REO,[((EO).H;0")...NO;.Ag"]...NO;" (3.2)

Hydrolysis

Si(OEt)4+nH50Jr —_— Si(OEt)4_n(OH2+)+nEtOH (3.3)
pH<2
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In Equation 3.1, P123 and nitric acid are dissolved; P123 forms micelles in
aqueous solution with hydrophilic PEO groups on the external surface and
hydrophobic PPO groups inside. At the same time, EO moieties of P123 can associate
with hydronium ions in the strong acid media. In this condition, P123 can be assumed
to has a net positive charge and participate in the electrostatic assembly of AgNOs.
PEO groups of P123 can form crown-ether-type metal -PEO complexes of form the
metal-block copolymer hybrid with Ag" Ic}ns through weak coordination bonding.
Therefore, it is believed that AgNO; is absorbefdf on the EO moiety surfaces to form a
complex compound as shown-in Equat-tbn 32 When TEOS are added to solution, it
will hydrolyse under stiofn’g _aeid. condltlon and forms compound shown in Equation
3.3. These charge- ass?tﬁiO units Xand the cationic silica species are assembled
together by a combination’of electxostatw forces, hydrogen bonding, and van der
waals  force 1nter t10 d —forn-r REOm[((EO) H3;0%)...NO;3.Ag"]...NO;s’
...(+H20)2(EtO) 4,51, whichfc be wr1 en as (S"AgH(NOsT. (+H,0),(EtO)4.,Si
attaches to the external rszz of ‘the cﬁfnplex to form the micellar rods. Silver

existed into the pore of SBA/lS fMGworlc‘f’s:shown in Figure 3.10.

s jf;

a_ 'I_

‘\-l-.,_.

- ‘ﬂ_..

Figure 3.10 TEM images of the calcined hexagonal Ag/silica mesoporous materias
along the (a) [110] and (b) [100] zone axis. The bright areas correspond

to the silica walls and the dark areas to the Ag nanoparticles [70]
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2. Thermal decomposition of silver nitrated method

The thermal is used to reduce AgNOs for this method. The porous silica were
soaked in AgNOj solution for several days, then the dried samples were heated to let
AgNO3 attached on the silica pore decomposed [88-89]. The important parameters to
synthesize silver nanoparticles by this method, such as silver precursor concentration
and reduction temperature were studied [88-89]. The amount of silver nanopartilces
increased by the silver precursor concentration, and also resulted in red shift of the
optical absorption edge [88}-"The particle size of silver nanoparticles was increased by
increasing of reduction temperature. the average size of particles increased from about
6 nm to 11 nm for the sample weated at 100°C to 700°C [89]. The Ag oligomers were
found with the low reéducion temperature (100°C), and they had the lifetime for 4
days in air [89]. The average size of silvéf nanoparticles obtained from this method is

around 5-11 nm [88-89].

3. Chemical method

rsrda

This method-uses sodium hydrazin.e: ".(_N.eiBH4) as a-reductant to reduce silver
ion deposited on silica Strface. Normally, it Was uséd with the template method to
synthesize silver nanoparticles; silver nanowired or the Ag/SiO, nanocomposite [69,
71-72]. It is known that the template method (mesoporous silica material) is a good
control over the size and the shape of silver nanoparticles or'silver nanowire [69, 71-
72]. The preparation of silver/mesoporous silica with thiol functionalized surface was
achieved bysredugtion, with.-NaBHy reducing, agent ;{71]: /Fhe~silver cations were
absorbed on" the “thiol' which ‘substituted” on the "surface ‘of ‘mesoporous silica.
Moreover, thiol functionalization assisted Ag particles to form inside the mesopore
channel and also maintained the dispersed state and diameters (less than 6 nm) of
silver nanoparticles as shown in Figure 3.11. On the other hand, without the help of
thiol functionalized surface, Ag particles were formed on the outside of mesoporous
silica channel and their sizes were in the range of 50-300 nm. The approach was used
to load silver nonoparticles in pore channels of MCM-41 [72]. Functionalization of

pore surface was done with APTES as shown the scheme in Figure 3.12.
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Figure 3.11 TEM imag (3 silﬁ'ihésius silica (x100k) (b) silver particle in
silver mesoporofi{s;“'i‘@icé {@k) (c) silver/thiol functionalized
mesoporous silicﬁ:'figﬁOE)f‘%r/thjol functionalized mesoporous
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Figure 3.12 Schematic illustration of in situ formation of Ag nanoparticle inside the

pore channels of MCM-41 [72]
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Polyol process is the chemical reduction method using the polyol such as
ethylene glycol and diethylene glycol. It was used to synthesize silver nanowire in
SBA-15 [90], and silica-silver heterogeneous nanocomposite particles [91]. The
advantage of this process is a convenient method to synthesize the silver particle by
one step process [90-91], and to avoid the thermal treatments which can lead to phase
segregation [90]. The silica particle was modified surface by thiol groups in order to
immobilized silver ion [91]. In this process, the liquid polyol acts as the solvent of
silver precursor, as a reducing agent, and a medium in which growth occurs in the
same time [91]. Silver ions; which were bonded-with thiol groups, were reduced to
silver metal (Ag" ) by ethylene glyeol and PVP [91]. Then silver nuclei are form and
grown to become the silver nanoparticles on the modified surface of silica particle
[91]. The size of silver namopartilees imfnpbilized on silica particles were controlled
by the reaction temperature and time;the frecursor concentration [91].

4. Ultrasonication and Sonochemi;f‘a‘l method

s Iy
v oll o o

: =71,

Ultrasonication and Sonochemical method has been used in material synthesis,
including the metal nanoparficles and nanocomposites [21-23, 82]. Both methods
work on the same téchnique; uitrasound-which-offers-avery attractive method for the

synthesis of metal naho particles [82].

Ultrasofiicationtis the application of power ultrasound:radiation into water to
make the “cavitation” phenomenon. The “cavitation” is the formation, growth and
implosive .collapse. of. bubbles .in, a, liquid.by- application of “the, high-intensity
ultrasound [24, 92} This collapse of the'bubbles can break.the chemical bond of water
molecule to hydrogen radicals and hydroxyl radicals as equation 3.4 [21, 82]. Then,
Hydrogen radicals formed during the sonolysis of water act as a reducing agent to
reduce silver ion [equation 3.5] and then the silver nanoparticles are formed by the

aggregation of the reduced silver atom as in the equation 3.6 [82, 85].
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Sonochemical is the application the ultrasound to the chemical solution
instance, such as alcohol [85].

Ultrasonication system

H,O —> H°® +OH* 3.4)
Ag™ + reducing radicals ———> Ag¥ (3.5)
nAg” — Ag, (3.6)

Additionally, this«“eavitation”~phenomenon generate the high temperature
(>5000 K), pressure (>20Mpa). and very high cooling rate (>10" Ks™) happened in
the solution during cavitatien collapses [94]. This high temperature and high cooling

rate s can prevent the erystallization of the sonication products [95].

The ultrasonic irgadiation was apéliéa in the synthesis of silver nanopartilces
by using amphiphilic block copelymer po'iy'aC'ryl0nitrile—block—poly(ethylene glycol)-
block-polyacrylonitrile [21]. It was revéd*ii;‘q that size and size distribution of the
resulting silver nanopartilces prépared ba:snig on the copolymer were strongly
dependent of the initial concentration of sillvﬂe"fn']jfécursor and the irradiation condition.
At the low concéniration; —stiver precursor yieided- the small size of silver
nanoparticles. The size! of silver nanoparticles increased with increasing silver ion
concentration. Additionally, they found that ultrasonic temperatures between 20 and
40 °C only slight affect jorthe formation<of Silver hanoparticles. Furthermore, form
these results, Let and Fan [21] suggested that ultrasonic irradiation was proved to be
an effective.and simple way.for.the one-step. preparation. of silver, nanoparticles at

ambient temperature without using any reductant.

However, base on our knowledge, the other parameters such as, adsorption
time of silver precursor, and the reduction time, and power of ultrasound which may
affect the size and size distribution of silver nanoparticles on silica material does not
reports elsewhere. On another hand, the effect of reduction was reported on the
synthesis of polymer-gold nanoparticle nanocomposite by Park et al. [82]. They

demonstrated that the size of gold nanoparticle increased with increasing of the
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reduction time of ultrasonic irradiation. Park et al. [22] investigated the effect of
concentration of stabilizer and ultrasonic irradiation power on the formation of gold in
solution. They found that the shapes and size of gold nanoparticles were controlled by
changing either the ratio of gold precursor/surfactant or the power of ultrasonic
irradiation. The shape of gold nanoparticles was changed from multiple to spherical
with increasing ultrasonic irradiation power. The size of the gold nanoparticles at high
power ultrasound was smaller than that of obtained at the low power ultrasound. At
the high power ultrasound, the high amounts of reactive radical species were
generated, which rapidly.-premete the-reduction-of gold ion. On another hand, the
lower amount of reactive radical'was generated, as a consequence the reduction of

gold ion was slower aind coagulation occurred.

Therefore, the final.shape and size of the gold nanoparticles also depend on

nucleation, growth of pasticles [82], and ui}rasonic irradiation power [22].

Sonochemical is the application 'ti1§:; ultrasound to the chemical solution
instance, such as alcohol [85]. The Ag/SiOZ%le'Jf'éJoporous nanocomposite was prepared
by sonochemical method [85]." The silica '.Ifﬁ'e‘IS'Oporous was immersed in the silver
precursor solution for—3—weeks; then followed by ulttasonic irradiation at the
frequency of 40 kHz in solution which presence of isopropanol. Therefore, the
reducing radials were obtained from H atoms, (I-hydroxymethyl) ethyl radicals,
pyrolysis radiealstas shown, in/equation 374319 [85]Thencthe formation of silver
nanoparticles =~ (equation 3.10-3.1T) were happened the same with ultrasonication
method., They found that silver nanopartilces were uniform dispersion and controlled
the size by'the pore'diameter ‘of imeésoporous silica. Additionally; they suggested that
mesoporous silica host played three roles in the sonocation process, which are (1) it
gave dispersion and allowed encapsulate ion of the metal nanoparticles (2) it

controlled the particle size of metal with its pore dimension (3) it prevented the

particles aggregation and provided a larger surface area for metal deposition.
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Sonochemical system

H,O —> H*+OH° 3.7)
(CH3),CHOH + H*(OH®) ——> (CH3),C°H + H,0(H,) (3.8)
(CH3),CHOH ——> pyrolysis radicals 3.9
Ag™ + reducing radicals ——> Ag? (3.10)
nAg? —> Ag, (3.11)

Among these methods for synthesizing--metal silica nanocomposite, a
sonochemical method offers.séveral advantages over the others to synthesis metal
nanoparticles [81-82], such*as providiﬂl‘g rapid reaction [92], resulting in dispersed
nanoparticles, and being Versatile_,andkfcan be used with various materials [94].
However, this method" may result 4n all—"broad size distribution due to the many
parameters affecting thessize of tﬁo meta:I némopaticles during the synthesis, such as
concentration of chemicals, Stabilizer and ultrasonic power [22]. There also are
several advantages to using ultrasomcatlon‘hrethod It provides a pure phase because
water is the only electron donot-The size and morphology of the nanoparticles were
then easier to control [21]. ‘Ultrasound radlzi’flon ylelded smaller particles, higher
specific surface [23f22ﬁ,—and—n=roreﬂimforn‘rdtsmbtmorrdlspers1on of the nanoparticles

[25]. Additionally, it provided a narrower size distribution than the thermal method

[21].



CHAPTER IV

EXPERIMENTAL DETAILS

4.1 Materials

Horseradish peroxidase (EC 1.11.1.7) was purchased from TOYOBO Co. Ltd.
Hexadecytrimethyl-ammonium bromide (CTABr, 99%) was obtained from SIGMA.
Pluronic P123 was procuzed from BASF. LLudox As-40 colloidal silica (40 wt %) and
Tetraethoxysilane (TEQOS, 98%) 'were purchased from Sigma-Aldrich. 1,3,5-
Trimethylbenzene (TMB)'was purchased from Suspelco. Ammonium solution (NH3)
was obtained from Carlo Erba. Acetic aci-ﬂ (CH;COOH) and conc. Hydrochloric acid
(HCI) were purchaseds from J.T. Bake;-._ Pyrogallol was procured from POCH.
Hydrogen peroxide (30%) was obtained frqf_'gll isolskie Opczynniki Chemiczne S.A.

rsrda

4.2 Syntheses of mesoprous silica m;ft_g_ljials

Three types oi‘silica supports were synthesized: MEM-41, SBA-15, and MCF.
Brief description of _the syntheses is given below. MCM-41 was synthesized
according to the method‘reported by Cho and coworkers [95] which consisted of two
solutions: A and B..Seolution A was prepared by ddding 12.15 g CTABr to 36.46 g
deionized water, rigorous stirring was done to homogeneity. Next, 0.4 g of 25% NH3
solution, was added and"the“solution was again stirred for 30 ‘minutes at room
temperature (30+2 °C). Solution B which consisted of 2.66 g NaOH, 71.41 g
deionized water, and 20.30 g Ludox was then added to solution A. After being mixed
to homogeneity, the solution was poured into a Teflon bottle which was then closed
tightly. The mixture was aged at 100 °C for five days, during this time its pH was
adjusted daily to 10.2 with 30% CH3;COOH solution. After aging, the obtained

particles were subsequently filtered and washed once with deionized water. The
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synthesized particles were dried at 100 °C for 16 h. The surfactant template was then

removed by calcination at 540 °C for 6 h.

SBA-15 was synthesized using the method proposed by Zhao and coworkers
[96]. Pluronic P123 (4 g) was dissolved in 30 g of water and 120 g of 2 M HCI. Then,
8.50 g TEOS was added to the solution which was next stirred at room temperature
for 20 h. The obtained mixture was poured intoa Teflon bottle, and aged at 80 °C for
24 h. The particles achieved were filtrated and washed with deionized water until the
filtrate pH was similar to that of deionized water. The synthesized material was
subsequently dried at room™ temperature. Later, the template was removed by

calcination at 500 °C for 6h.

MCF preparation was dnitiated by Ydissolving 2 g Pluronic P123 in 75 mL of
1.6 M HCI at 35-40 °C'[40]. Then | ¢ é;f TMB was added to the solution, and the
mixture was stirred to homogeneity. Succeédihgly, 4.25 g TEOS was added, and the
mixture was continuously stirred at 35-40 °_é'—fq_; 24 'h. It was next aged at 100-120 °C
for 24 h. After that, MCF was achieved us_i_rflgrt_he same procedures as those of SBA-
15.

4.3 Characterization of mesoporous silica materials

Characterizations ofamesoprous silicas were achieved by Nj-adsorption, XRD,
TEM, FTIR, and Zeta potential measurement. The adsorption-desorption isotherms
(Micromeritics ASAPR, 2020, USA) were obtained at 77 K. The surface area was
determined by using Brunauer-Emmett-Teller (BET) method. The main pore diameter
and pore volume of supports were obtained from the adsorption isotherm branch data
and Barret-Joyner-Halenda (BJH) method. The structure of mesoporous silica
supports was analyzed using X-Ray Diffraction (XRD; Bruker AXS Model D8
Discover), and Transmission Electron Microscopy (TEM; Jeol Jem 2010, Japan).
Surface properties of supports were analyzed by Fourier Transform Infra Red (FTIR),

spectrometer (Thermo scientific Nicollet 6700), by using the KBr technique. The Zeta
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potential was measured by Zetasizer Nano (Malvern ZS 90, UK), 5 mg of supports

were dispersed in 5 ml of buffer solutions of various pH.

4.4 Modification of silica nanopowder and MCF with aminopropyl

groups

Aminopropyl groups were introduced on silica nanopowder (Aldrich) surface
using the incipient-wetness impregnation method proposed by Luan and coworkers
[60]. Briefly, 1 g of silica nanopowdef or MCE was added to a vigorously stirred
solution of 10 ml dry toluencSolution (Lab Scan) containing 1% (3-aminopropyl)
triethoxysilane (APTS, Elukay: The solution was then stirred at room temperature for
10 minutes. This mixtureswas next transferred into a Teflon bottle, heated to 100°C,
and held for 24 h prier to further processxihg. Following the sample holding time, the
modified silica nanopowder (MSP) or rilodified MCE (MMCF) was collected by
filtration, washed once with dry toluene,v and twice with dichloromethane (Fisher

Scientific), and dried at 120°C for 12 h. =24

4.5 Synthesis of silver nanopartilceé (-)n modified silica nanopowder

and on MCF

Ag/Si0, nanocomposite_was syntheésized by radical reduction of Ag" from
AgNOj; solution using ultrasonication.. AgNO3 (POCH S:A.) at 500, 1000, and 2000
ppm was dissolved in 50 g of distillated water and stirred in agclosed container at
room témperature (30£2°C). Then, 0.1 g of silica nanopowder or MSPs was added
into AgNOs solution and left stirring for ion adsorption on the solid surfaces (silica
nanopowder, and MSPs) for 3 to 12 h. The resulting suspension was filtered using
Whatman filter paper, and the collected particles were added to 50 g of distillated
water. Reduction of silver ions attached on solid surfaces was then achieved using
ultrasonication (Crest ultrasonic, CP360, USA) at 40 kHz for 2-8 h. During
ultrasonication, the suspension was purged with > 99.99 % argon, and the

temperature was controlled at 20°C using a flowing cold water. The suspension was
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again filtered, and collected particles were finally dried under vacuum (Blinder

VD23, USA) at 50°C for 10 h.

Ag/MCF nanocomposite was synthesized by radical reduction of Ag" from
AgNOs; solution using ultrasonication. AgNOs; (POCH S.A.) at 2000 ppm was
dissolved in 50 g of distillated water and stirred in a closed container at room
temperature (30£2°C). Then, 0.1 g of MMCFE was added into AgNOj; solution and left
stirring for ion adsorption on the solid surfaces 42 h. The resulting Ag/MCF was
achieved by follow the same conditions of the synthesis of Ag/SiO, nanocomposite,
however the silver ions on MMCE were reduced for 2 and 8 h.

|

4.6 Characterization of MSPs, Ag/SiO, and Ag/MCF nanocomposite

The measurements @ of surface ;'I‘e_lr.ea, pore size, and pore volume of
nanomaterials before and after modified éﬁ'ﬂi‘fﬁce, and with silver nanoparticles were
carried out by adsorption and desorptioﬁ{iﬁ;gqitrogen (Micromeritics ASAP 2020,
USA) according to Brunauer—Emmett—TelI?;(‘iBET) method. Functional groups on
support surfaces were indentified by Fouher Transform Infra Red (FTIR),
spectrometer (Thermo‘ scientific Nicollet 6700); by ising the powder technique.
Images of the resulting structure of Ag/SiO» and Ag/MCF nanocomposites were
obtained by a transmission electron microscope (TEM, JEOL JEM 2010, Japan),
operating at 200“kV. The' absorption spectra of the ‘colloidal suspensions were
analyzed using‘@ UV-Vis spectrophotometer (Shimadzu UV 2450, Japan). The type
and structurerof, silvergnanopartieles ony silicasnanopowder and-MCF;were analyzed
using X-Ray Diffraction (XRD; Siemens D500, Germany): Finally, surface charges of
Ag/Si0, and Ag/MCF nanocomposites were measured in the form of zeta potential
using Zetasizer Nano (Malvern ZS 90, UK), 1 mg of supports were dispersed in 5 ml

of buffer solutions of various pH.
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4.7 Enzyme immobilization and enzyme leaching

To immobilize HRP on MPSs, an amount of 0.4 g MPS was added to 8 mL of
0.1 mgmL" enzyme solution of specified pH (pH = 6, 8, and 10). The mixture was
subsequently gently stirred at 4°C for 24 h then the solid was filtered and washed with
the same buffer to remove unattached enzyme. The solid was taken for an assay of

immobilized enzyme activity.

The immobilization of HRP ©n the modified surface materials and the
presence of SNP on mesoperous materials (Ag/SiO,, Ag/MCF) were achieved in a
solution buffer with a pHs8 and tinder the same conditions of the immobilization of
HRP shown above.

Enzyme leaching was ftested by ‘!adding 0.05 g of HRP containing MPSs
(with/without silver nanoparticles) to | II-l';LJ“-Of a buffer solution of the same pH
specified in the immobilization process. The‘ @jxture was next stirred at 300 rpm at
room temperature (30+2 °C) for 2 h. Then Tthe;.;buffer solution was analyzed for free

enzyme activity.

activityof IEin buffersolution —activity of FE remained in buffersolution <100 4.1)

enzyme loading (%) =
Y g (%) activity of IEin buffersolution

activity of leachedeenzyme in'buffer solution

x100 4.2)

enzyme leaching (%) = — —
activity of initially loaded enzyme

Where IE is initial enzyme

FE is free enzyme

4.8 Storage stability test

The immobilized HRP on moesoporous silicas were kept in closed containers,

and stored at room temperature (30+2°C) and 4°C for a specified period of time
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without humidity control. Subsequently, 0.002 g of stored immobilized HRP was

taken for activity assay.

The storage stability test of the immobilized HRP on the modified surface
materials and the presence of silver nanopartilces on mesoporous silicas were kept at

4°C and performed under the same conditions as above.

activity of ammobilized enzymeat specified storage time
X

100 (4.3)

residual activity (%) = — - —
activityof freshly immebilized enzyme

4.9 Assay of free and immobilized enzyme

The analysis of free HRP was @chieved using two substrates which were
hydrogen peroxide and./pyrogallol in a réllzgc.tion according to Halpin and coworkers
[97]. The reaction was inifiated by an addi'_ti'f)r{"‘of 0.5 mL hydrogen peroxide (0.05 M)
to a mixture of 2.4 mL phosphate buffé?_.‘s,__(ilﬂution (pH 6.0) containing 0.013 M
pyrogallol and 0.1 mL of a miXture solut@ of free HRP (0.02 mL) and a buffer
solution in the same pH of the riﬁimobilizatili.)r.i-ar_o.cess. The reaction was carried out at
30 °C for 1 minute éftér which the absorbance of the produét was measured at 420 nm
using a spectrophotometer (spectronic® 20 Genesys TM). The extinction coefficient

of pyrogallol was found te be 0.0126 Lmol 'cm™ at 420 nm.

The assay of immobilized HRP was performed under similar conditions as
those of free enzyme except thatfre¢ HRP:wasreplaced with'2 mig of HRP containing
MPSs (with/without silver nanoparticles). All samples were analyzed in triplicate.
One unit of HRP activity (EU) is equal to a change of 0.1 absorbance unit at 420 nm

in 1 min of reaction time.

4.10 Amperometric phenol sensor

The method uses a reference electrode, working electrode, and counter

electrode which in combination are sometimes referred to as a three-electrode setup.
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The Ag/AgCl, glassy carbon, and platinum electrode were used as reference, working,
and counter electrode respectively in this experiment. The potential is measured
between the reference electrode and the working electrode and the current is measured
between the working electrode and the counter electrode. The working electrodes
were prepared by dropping 5 ml of 0.5% (w/v) chitosan containing 10 pg of MCF
(Ag/MCEF, silica nanopowder, and Ag/SiO;) and 0.01 mg of HRP. The surface of

© emperature for 45 minutes. Then the
amperometry was used for de cct ing the henol by adding the 100 pl of 0.1

(PBS'pH Qg 0.1 mM hydrogen peroxide
ntaini [n enol in beaker 10 ml as substrate

ng a magnetic stirrer bar. The

ed at -0.05 V followed the

working electrode was dried at th

M phosphate buffer soluti
into 5 ml of 0.1 M PBS pH

solution. The solution wa
voltage of measuring the

suggestion of Dai et al#[98
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CHAPTER V

RESULTS AND DISCUSSION

Since the ordered mesoporous materials (OMMs) offer good features carriers
as for enzyme immobilization, the effects of pore structure, and pH of buffer solution
under on HRP immobilization were firstly investicated. Since we aimed at applying
immobilized HRP for ‘biosensor applications. Silver nanoparticles were added
hopefully to facilitate electson transfer. To understand the effect of mass transfer in
enzyme immobilization and bioseénsor application, the silica nanopowder (SiO;) was
also used as another type of enzyme carrier. Since silica nanopowder is a commercial
support, it is easily and gonveniently q’sir}g as a support for silver nanoparticles
synthesis. Therefore, itéwag firstly usedf'lj_o. investigate the synthesis conditions of
silver nanoparticles by ultrasonication met'_hi;)df Ag/mesoporous silica was synthesized
following the same condition withvAg/SiO';::v_CS)psequently, these materials were used
to immobilize HRP for investigating ﬂE effect of mass transfer and silver
nanoparticles. Finally Ag/Si(r)rzﬁaihd Ag/meé.o.i;i;.r_oﬁs silicarwere tested on biosensor to

demonstrate the efféct of silver particles addition.
5.1 Selection of suitable OMMs for HRP immobilization

In this part of the thesis, we aimed at investigating effects of OMMSs pore
charactets ‘apd immobilization-pH on HRP iinmobilization. OMNIS with different pore
characters and surface charges namely; MCM-41, SBA-135, and MCF were selected
for the study. It is revealed in this part that both immobilization pH and OMMS pore
characters play significant and interactive roles on enzyme loading, leaching, activity,

and storage stability.
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5.1.1 Support characterization
1. Pore structures

Characteristics of OMMs as enzyme supports are important information for
understanding enzyme immobilization and their activities. XRD patterns of the
calcined MCM-41, SBA-15, and MCEFE are shown in Figure 5.1. MCM-41 and SBA-
15 exhibited highly distinct patterns at low 26-angles reflecting the ordered hexagonal
mesoporous structures [35}-On the othér hand; the-primary XRD characteristic peak
of MCF was not resolved from others suggesting different mesoporous structure.
TEM micrographs of all the'suppoits as shown in Figure 5.2 confirmed the hexagonal
structures and long cylinduical'pores of MEM-41 and SBA-15 whereas the spherical

cells and frame structuse were observed for MCF.

0
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e
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Figure 5.1 Powder XRD patterns of mesoporous silicas : MCM-41, SBA-15, and
MCF
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Figure 5.2 TEM images of mesoporous silicas : (a) MCM-41 observed perpendicular

(left) and parallel (right) to the pores, (b) SBA-15 observed
perpendicular (left) and parallel (right) to the pores, and (c) MCF
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Structure parameters of OMMs such as pore diameter, surface area, and pore
volume were evaluated through the nitrogen adsorption isotherms using the BET, and
BJH methods. Table 5.1 shows main pore diameters and pore volumes as well as BET
surface areas of the three supports. MCM-41, SBA-15, and MCF have the main pore
diameters of 32, 54, and 148 A, respectively. As expected, MCM-41 with the smallest
pore diameter possessed the highest the surface area, and followed by BSA-15 and
MCEF. On the other hand, MCFE with the biggest pore possessed the highest pore
volume. Pore size distributions of the synth€sized supports are shown in Figure 5.3.
As expected, MCM-41..and SBA-15 possessed very narrow main pore size
distributions which were dissimilar to MCF. In this study, MCF was the only OMM
synthesized using TMB as.an agent to 6P1arge pore sizes, therefore, the average pore
size obtained was undoubtedly larger tha_n,that of MCM-41 and SBA-15. In addition,
the wider pore size disiibugion achleved in the case of MCF was postulated to be due

to the difficult to controlipore size w1th an'I ex1stence of TMB.

Table 5.1 Pore characteristics of MCM 41 J’SBA 15, and MCF

,u

Supports Pore diameter. (Af BET—T}:u:face (m°g") Pore volume (cm’g™)

MCM-41 N T 0.84
SBA-15 354 798 -2 1.06
MCF L /148 IS 1.60
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Figure 5.3 Pore size distribution of mesopc)_rpg_s silicas: (¢#)MCM-41, (4) SBA-15,

and (m) MCF -

2. Surface properties

Figure 5.4 shows FTIR spectra of MCM-41, SBA-15, and MCF. The band
between 3700-3200 cmi s attributed to,Si-OH stretching (silanol group), while
between 120041000 cm'! and 'at 1630 cm™' are shown respectively for siloxane,
-(Si-O), -, and water molecules. The similar trends of FTIR spectra observed for the
three OMMS indicaled identical surface functional groups. Moreovet, the Si-OH/Si-O
area ratios (area ratios of S1-OH/S1-O were 0.8477, 0.8229, and 0.8320 for MCM-41,
SBA-15, and MCEF, respectively) were comparable suggesting similar contents of free
silanol groups among these supports [99]. Hence, resemble interactions between

immobilized HRP and surfaces of different OMMs are expected.
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Figure 5.4 FTIR spectrim of cal¢ined OMM_S : MCM-41, SBA-15, and MCF

3. The effect of pore ¢haracier on fhe mechanism of HRP immobilization

Table 5.2 compares main pore diarﬁeté;s and pore volumes as well as BET
surface areas of the three supports after HRP immobilizagion. As already mentioned
that MCM-41, SBA- 5, and MCF have the main pore diameters of 32, 54, and 148 A,
respectively, while the elongated shape HRP molécule has the approximated
respective long and short axes of 64, and 37A [27]. The reduction in surface area, and
pore volume affer HRP immobilization for-all the OMMs ‘was‘most likely attributed to
the adsorption ef HRP 1nside the mesopores. The fact that HRP molecules were able
to diffuse into the.channels of MCM-41 .even.of-their, slightly bigger sizes than the
main pore diameter was also evidenced by Yiu et-al. [35}for trypsin“immobilization
in MCM-41. The slight decreases in main pore diameters of MCM-41, and SBA-15
after HRP immobilization suggested that some HRP were immobilized on the pore
mouths of the supports [99]. The schematic diagrams representing HRP allocation
in/on mesoporous silica supports are proposed in Figure 5.5. For MCM-41, only a
small amount of HRP could occupy the mesoporous space due to the relatively small
main entrance sizes of the pores in comparison to HRP molecular size. Therefore,

most of the enzyme molecules were expected to be adsorbed on the external surface.
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This assumption was evidently confirmed by slight decreases of BET surface area and
pore volume of MCM-41 after HRP immobilization (decreased by 18.0% and 14.6%,
respectively). Since the main pore diameter of SBA-15 was comparable to the
dimensions of enzyme molecules, HRP was easier adsorbed in the pores. Large
decreases in BET surface area and pore volume of SBA-15 (42.4% and 36.6%,
respectively) were therefore observed after HRP immobilization. MCF which
contained the largest main pore diameter and pore volume among the three supports
undoubtedly allowed comfoitable entrapment.6f HRP in the pores. The BET surface
area and pore volume of MECEF decreased by 34%and 10%, respectively after HRP
immobilization. A slight decrease of MCF pore volumes was probably due to its
initially larger pore volumeg«€ompared td'lMCM—41 and SBA-15.

Table 5.2 Pore charaeteristics of MCM 41 SBA-15, and MCF before and after

immobilizagion processes "

Pore diamelr (A;){I"" BE'jféh:iface (ng'l) Pore volume (cm’ g'l)

RERESE Before N Beféféi“r ' After Before After
MCM-41 32 2770 88.‘&: . 724 0.84 0.71
SBA-15 54, 5377 (798 460 £ 1.06 0.67
MCF 14@ 148 618 408 0/ 1.60 1.44

Calculated from adsorptlon branch of the N, isotherm
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Figure 5.5 Schematic diagram of immobilized HRP in (a) MCM-41, (b) SBA-15, and

(c) MCF
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5.1.2 HRP loading and leaching

In this work, two parameters influencing HRP immobilization namely;
immobilization pH (pH of the buffer solution used in the immobilization step) and
support pore characters were simultaneously investigated. The effect of
immobilization pH on HRP loading is shown in Figure 5.6. At immobilization pH
equaled to or lesser than 8, the net charge of the enzyme was positive (pI~ 8.9) while
that of the support surface was negative (pl.of silica ~ 2). Thus, high electrostatic
attractions were obtained-which led to almost 100% of enzyme loading at pH 6 and 8
for all types of supports inyestigated. This 1s in accordance to Rezwan et al. [100]
who studied the influence of surface charge on the adsorbed amount of lysozyme and
bovine serum albuminon silica part‘icles.‘- They concluded that the amount of adsorbed
protein strongly corresponds to the sign ;of the net charge of the protein and of the
particle surface. The reason that MCM-;I{] J§vas able to exhibit comparable enzyme
loading capacity even of its small main '?"o're? diameter might be due to its notably
higher surface area, and improved anioniéi‘j_p_tqntial of the silanol group on the pore
surface owing to the use of cationie surfactaaﬁt;gs a template [2]. This is confirmed by
the zeta-potential data reported in Table 5;'5".:'1:{ i demonstrated that MCM-41 held
higher negative charges than other supports (synthesized-using nonionic surfactant as
templates) at every pH. At pH 10, both the enzyme and support surfaces possessed net
negative charges, therefore only between 60- 84% HRP loading were attained. At this
pH, it is obvious that the effect of Supportsmain pore Size-was more pronounced than
electrostatic interactions. Significant amount of HRP molecules could still be loaded
into pores.of MCE eyen.under.electrostatic.repulsions. The results in this study,
however, emphasized that adjustinént‘of enzyme iimmobilization'pH.can significantly
enhance amounts of enzyme adsorbed on the supports, regardless of the types of

surfactant template used.
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Figure 5.6 Effect of immobilization pH oh HRP loading in mesoporous silicas : ([2])

MCM-41,(E )SBA-15. and (

Table 5.3 Zeta potentials (mV) of'sitica suppoit surface in different pH solutions

pH/support -, "MCM-41 T SBA-15, MCF
6 - 8.7 5547 ] 7738
e A o
8 ‘ -17.46 1153 -14.90
10 27.17 21.27 25.32

The amount of enzyme leaching also depends on pore characters of support
and intetactions-between enzyme-and support.surfacess Itsis clearly seen in Figure 5.7
that immobilized HRP ‘was' leached out' from MCF, with-a large main pore diameter
and of spherical cells and frame structure, in a greater extent than smaller and long
cylindrical pores of SBA-15 and MCM-41, especially at relatively high pH (pH 8 and
10). This is in accordance to Lin et al. [67] who found that HRP leaching from silica
materials increased with increasing pore size. This demonstrates significant effects of
support pore characters on enzyme leaching. At pH 6, leaching of enzyme from all
supports was negligible. This supports our assumption that charges of HRP molecule

and support surface have strong influence on their attachment. At this pH, their



74

attractive interactions were very strong therefore less leaching was observed. The
interactions became weaker as pH increased. However, for a given support type, the
amounts of leached enzyme were not significantly different comparing between pH 8

and 10.
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Figure 5.7 Leaching of immobilized HRP at different immobilization pH tested with
various mesoporous silicas. ([]) MCM-41.(F )SBA-15, and ( MCF

5.1.3 HRP activity and storage stability

Effects” of “imniobilization) pH' and [suppoOrt pore- chata¢lérs 'on immobilized
HRP activity are demonstrated in Figure 5.8. Under the same reaction pH 6,
immobilization pH appeared to be a pivotal parameter governing immobilized enzyme
reaction. Maximum and minimum specific activities were obtained from
immobilization pH of 8 and 6, respectively, for all support types. This is surprising
since free HRP was reported to be most active at pH 6. We postulated that strong
electrostatic attractions between high negatively charged silica and high positively

charged enzyme at pH 6 caused inflexible HRP molecules or hindered enzyme active
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sites thus hampered their activities. Caramori and Fernandes [102] also reported that
immobilized HRP onto polymer composite material was less active at pH 6 than other
pH. The activity of immobilized enzyme on different silica supports was in the order:
MCF > SBA-15 > MCM-41. The obtained results are in accordance to the literature
that wider pore diameters facilitate substance mass-transfer to and from enzyme
active sites. In addition, MCF structure of spherical cells and frame was anticipated to
be more suitable for mass-transfer than long cylindrical structures of SBA-15 and
MCM-41. The maximum specific activity obiained from immobilized HRP on MCF
was ca. 30% of free enzyme. This suggests that-a part of HRP was denatured during
immobilization or was inaccesSible to the substrate. Moreover, Carrado et al. [103]
postulated that the chemicalmaitize of the material’s surface could modify the enzyme
conformation to a less active one; The results obtained in this report indicated the
significance of electrostatic interaction;‘effect over the effects of support pore

characters on immobilized enzyme activity.
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Figure 5.8 The Relative activity of immobilized HRP at different immobilization pH

tested with various mesoporous silicas : (¢)MCM-41, (4) SBA-15, and (

=) MCF
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Storage stability of immobilized HRP was evaluated every 2 weeks after the
enzyme was kept in dried form at 4°C and room temperature (see Figure 5. 9). It is
evident that HRP immobilized at pH 8 had the highest storage stability, in contrast to
pH 6 which gave the lowest stability. Lower electrostatic interactions between
enzyme and support occurred to be better for enzyme storage. These phenomena were
true for both storage temperatures and for all types of supports. This indicates that
electrostatic interaction was one of the key parameters influencing storage stability of
the enzyme. Equally impertant-were thé support-pore characters, since it was found
that storage stability of immebilized HRP in MCE was much greater than in MCM-
41. Supports with biggersmain pore diameters appeared to be better for enzyme
storage stability than“those'with/smaller pores. The conclusions may be drawn here
that HRP is likely tosbe denatured un(;era conditions that rigidly control its three

dimensional structure and the denaturation increases with storage time.

Therefore, the experimental reéifit__‘s; from this part indicates that the
electrostatic interactions and porev charactéalzsigf OMMs play the important role on
enzyme loading, leaching, activity, and stofééé”éiébility. It-was found that activities of
immobilized HRP inereased with support pore diameters in the order: MCM-41 <
SBA-15 < MCF. The maximum and minimum activity of immobilized HRP was
obtained from pH 8 and pH 6, respectively. HRP immobilized at pH 8 had the highest
storage stability (Bothfat 4°C fand (rooi |temperatire); andjin-opposition to pH 6. In
addition, HRP immobilized in MCF was the most stable under storage. Based on the
highest.of loading,.activity.and sterage stability of. immobilized HRP, MCF and pH 8
were choose to develop and further-studied in followed parts. ‘Using-enzyme loading,
activity, and storage stability as criteria for selection of a carrier type and
immobilization pH, MCF and pH 8 were preferably selected and used for further

studies.
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Figure 5.9 Activities of immobilized HRP were kept at 4°C (a) and room temperature

(b) in 6 weeks, ([[]) MCM-41,(E)SBA-15, and (
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5.2 The synthesis of Ag/SiO, nanocomposite by ultrasonication

Since the ultimate aim of this thesis was utilize immobilized HRP in
mesoporous silica for biosensor applications, MCF which was found in section 5.1 to
be the best support for HRP immobilization in terms of enzyme loading, activity, and
stability was further modified to Ag/MCE nanocomposite. This nanocomposite was
postulated to enhance electron transfer betwecm€nzymes and electrode due to the
specific property of silvernanoparticles. To obtain more in depth knowledge on mass
transfer mechanism, Ag/Si10s synthesized using silica nanopowder was also utilized
as enzyme support in cemparison of| those of Ag/MCF. This is became silica
nanopowder almost non-posous,  whilé ‘MCF was mesoporous. Therefore, less
substrate mass transferresistance was expéqt_ed for the ease of SiO, in comparison to

that of MCF as shown the schematic in Fiéure 5:10.

4‘ '
Substrate 1

Stagnant Film N 7 Stagnant Film

Bulk Solutioh = 7 ~Bulk Solution

Figure 5.10 ‘Schematic diagram’ of the enzyme immobilization:" (a)“on non porous

support and (b) on porous support.

Since, synthesis conditions for Ag/MCF and Ag/SiO, have not been
documented elsewhere, we, therefore, firstly needed to determine these suitable
conditions (adsorption time, ultrasonication time, silver nitrate concentration), and

SiO, was used as a model support.
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In order to synthesize Ag/SiO, nanocomposite, silica nanopowders were used
as support for attachment of silver nanoparticles. Silica surface modification was
primarily carried out by grafting aminopropyl groups via a one-step reaction between
surface silanol and ethoxy groups of APTES, the synthesized process is shown in
Figure 5.11. Adsorption of solution silver ions on the modified surface was then
followed, and accomplished via eoordination of amine nitrogen with Ag" ion and
form a “metal-ion core” of the precursor {103]. . Subsequently, radical reduction of
silver ion precursors was-attained by ultrasonic irradiation as will be described in the
section 5.2.1. The sections that fellow will discuss effects of synthesizing conditions
namely; silica surface modification, siilver precursor concentration, ion adsorption,

and radical reduction times©On nangcomposite production.

— —
IIlI ;;
4 o
— Si-OH id 1]
. s & —— Si — O — Si — (CH,);NH,
—— Si-OH OR - " |
— Si-OH Lis ¥ /- °
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— Si-OH 1A oo s o
— Si-OH 08 —F
I R = Sji == O == Si == (CH,);NH,
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— Siz= 0 — Si— (CH;)sNH; === Si = O — Si — (CH,)sNH, _
I:II II:I )))) O
AgNO. q Ag* 1
INDs g Sonicate
0 o
—— Si — O — Si— (CH,);NH,’ —— Si — O — Si — (CH,);NH,
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o) r o)

O Ag Nanoparticle

* Coordinate Interaction

R = CH,CH,

Figure 5.11 The synthesized process of Ag/SiO; by ultrasonication method
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5.2.1 Synthesis of silver nanoparticles

The silver nanoparticles could be synthesized by ultrasonication in an aqueous
solution of silver nitrate. The mechanism of the reduction of silver ions by
ultrasonication method was described before as in section 3.5.4, as in equations 3.4-
3.6. Briefly, hydrogen and hydroxyl radicals were.generated from water molecules by
cavitation obtained under-ultrasonic irradiation. Fhe-achieved hydrogen radicals then
act as electron reducers of silveiions which were attached on the surface of silica
nanopowders. Subsequently: silver nanoparticles are formed by aggregation of the

reduced silver atom.

H,0 —> H*+0H* )™ (3.4)
Ag™ + reducing radicals —~——> -'i-'Ag(O) 3.5)
nag® ——> Ag, W (3.6)

Formation mechanism

The formation mechanism of silver nanopatticles deposited on silica
nanopowder in this thesis is suggested based on the above results combined with
ultrasonication’as explained, in the: followingidiscussion-MSPs were added into the
silver precursorgsolution. In this stage, silver ions were bound with aminoproply group
by coordination.with amine nitrogen. At the second staged, silver ions are reduced to
silver atom (Ag’) by obtainifig eléctions' from ainine' nitrogen?(more discussion in
section 5.2.2). Then, silver nuclei are formed on the surface of MPS. The longer
adsorption period allows the silver nuclei to grow and form silver nanoparticles. At
the third stage, the remained silver ions and nuclei are reduced and grow during the
ultrasonication according to equation 3.4-3.6. Finally, once silver nanoparticles are

formed, the process continues to formation of clusters of nanoparticles.
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5.2.2 Effects of surface modification

The grafting or post-synthesis method was used for modifying the surface of
MCEF and silica nanopowder by attachment of functional group via terminal hydroxyl
or silanol groups (Si-OH). Although, the distribution of functional groups is
sometimes non-uniform but it is known that this method preserved the framework
structure of the mesoporous material [1044" The surface modification of silica
nanopowder was carried out-following the post-synthesis method by Luan et al. [60].
The free SiOH on silica surface.was replaced by functional groups with adsorption

and condensation method asalteady demonstrated i the first part of Figure 5.11.

Modification of thessilica surface;*was found to be essential for synthesizing
Ag/SiO, nanocomposite’ as reyvealed in j":FiJgure 5.12. Figure 5.12(a) demonstrates
predominantly bound silver nanopartic}és “on the modified surface of silica
nanopowder. The average particle diamét’é&;‘s_ were determined using equation 5.1

[106]. £y
— 1 no f
d=—>dn. 5.1
N; lnl

The patticles) obtainedowere jwell «dispersed jand «of, small sizes with average
diameters of 15.2 nm."In Contrast,” without surface modification only a few silver
nanoparticles,with average diameters of 12.8 were found attached (Figure 5.12 (b)).
These results indicate that Caminopropyl | functional 'groups“on..modified silica
nanopowders (MSPs) acted as anchorage points for coordination of amine nitrogen
with silver ions and helped facilitating silver ion adsorption [71, 72, 103, 106], while
also prevents silver nanoparticles from agglomeration [103]. The coordinate
interaction between amine nitrogen and silver ions is occurred by amine nitrogen that
donates lone-pair electrons to silver ion. The metal ion can be bound by one or more
neutral molecules or anions [107]. Therefore, in this study, silver ion can bind to

amine nitrogen more than 1 molecule.
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More interestingly, silver nanoparticles (with average diameters 3.9 nm) were
observed on MSPs even without ultrasonication (Figure5.12(c)). Under this condition,
no cavitation occurred, hence, H and OH radicals from water decomposition could not
be formed. Therefore, reduction of silver ions was essentially due to APTES
molecules. We postulated that the reduction occurred through the withdrawal of
| y er the coordination between the lone

/ 11arly explained by Moresseanu et

TES can be easily protonated

electrons from amine nitrogen to
pair electrons in precursor s 7
al. [108]. Moreover, C

under acidic condition, stulation that silver ions were

ﬂUH')WHWﬁWHWﬂ‘i
QW’]Mﬂ‘ﬁﬂJﬁJViT}ﬂmaﬂ
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Figure 5.12 Tal uﬂ ’lm EJ/M ‘EM&L’] ﬂ @PS (b) silica

nanopowder and (c) MSPs without reduction.

ARIANN I URIINYA Y

5.2.3 Effects of adsorption time

Effects of silver ion adsorption time on the synthesis of Ag/SiO;
nanocomposite were studied at a fixed silver precursor concentration (AgNO3) of 500
ppm, and ultrasonic irradiation time of 4 h. UV-Vis absorption spectra of MSPs and

Ag/SiO; nanocomposite synthesized are shown in Figure 5.13. MSPs sample did not
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show any absorption peak, while maximum absorption peaks of Ag/SiO, samples
were observed at wavelengths between 420-425 nm. These peaks, therefore,
undoubtedly ascribe the surface plasmon resonances of spherical and nearly spherical-

shaped silver nanoparticles as widely evidenced [21, 72].

- — - - modified silica nanopowder

Absorbance (a.u.)

100 200 300 ' JZ-OO 500 600 700 800
‘Xa%]ength (nm)

.

Figure 5.13 UV-Vis adsorption spectra of Ag/SiO, nanocomposite at various

adsorption time of 500 ppm of silver precursor and 4 h of reduction.

As has been reported, there are two notable parameters of adsorption spectra
to be considered; (1) the intensity which! indicates a change m'thc number of particles
[109], and (2) the maximum peak position which relates to the change in the particle
size of silver nanoparticles [64]. The affect of adsorption time related the change of

number and size of silver nanoparticles will be discussed as follows.
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The change in number of particles, from Figure 5.13, maximum peak intensity
was found to increase with adsorption time up to 6 h, while further allowable time
resulted in lower peak intensity. As already mentioned, silver ions could also be
reduced using electrons from amine nitrogen in aminopropyl groups. Therefore, both
nucleation of silver ions and growth of these nuclei into nanoparticles could occur
during this stage of adsorption. Hence, longer adsorption time arise higher numbers of
silver nuclei and larger nanoparticles. The decreased numbers and larger in sizes of
silver nanoparticles witnessed using 12/h adsorption time was probably due to
agglomeration of small nearby particles, as also-revealed by TEM images in Figure
5.14.

|

On the other+hands" all ©f the ‘-pqsitions of maximum absorption peak at
different adsorption tume arc Similar: Tl;re range of maximum absorption peaks of
absorption time at 3 and6 h were respecti'\‘(edl;y 416-429 and 419-428, as well as 9 and
12 h of adsorption time that were in the '§a‘mé range of 421-430. From this results

¥
indicated that size of silver nanoparticles Were not significant different enough to
s i Ad

result in the position change of vabsorptten peak. Additionally, the positions of
absorption peaks are.also affectéd by shape of the metal nanoparticles [44]. Therefore,
the similar absorptioii-peaks-ciearly indicated that the Uniform nanosize silver was

generated.
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Figure 5.14 TEM micrb%r &hs of silver nan.(})articles on MSPs, prepared from 500

ﬂ e%ﬂ %ﬁew @ ’]:ﬂa!ius of adsorption time
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5.2.4 Effects of silver precursor concentration

In order to investigate effects of silver precursor concentration on the
synthesized Ag/SiO, nanocomposite, silver ion adsorption and ultrasonic irradiation
times were fixed respectively at 12 and 4 h, while silver precursor concentration was
varied from 500 to 2,000 ppm. Figure 5.15 demonstrates an increase in absorption

peak intensity with silver precursor concentration. The higher silver precursor
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concentration resulted in an increase number of silver nuclei during the early stage of
nucleation, which led to increasing numbers of silver nanoparticles [103]. However,
with sufficiently long adsorption time (12 h), the high precursor concentration
resulted in the aggregation of the smaller number of nuclei, the larger particles were
finally formed. Furthermore, Figure 5.16 supports this reasoning and shows the larger
average sizes of silver nanoparticles with higher precursor concentration. Broader size
distributions of silver nanoparticles were also obtained by increasing silver ion
concentration. The possible reason behind thi€ phenomenon is the slow nucleation
rate of the silver nanoparticles that occurred during synthesis of the particles at lower

concentration which causes narrower size distributions [21, 110].

) -——-1000 ppm
: — 500 ppm

Absorbacnce (a.u.)

100 200 300 400 500 600 700 800

Weyvelength. (nm)

Figure 545 UV<Vistadsorption spectralofy Ag/Si0, nafiocOmposite at various
concentration of silver precursor, 12 h of adsorption, and 4 h of

reduction.
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Figure 5.16 TEM micrographs of silver nanoparticles on MSPs, prepared from
various concentrations of silver precursor, 12 h of adsorption, and 4 h

of ; (a) 500 ppm, (b) 1000 ppm, and (c) 2000 ppm.
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5.2.5 Effects of radical reduction time

Effects of radical reduction time on the synthesized Ag/SiO, nanocomposites
were explored by varying ultrasonic irradiation times from 2 to 8 h at a fixed silver

precursor concentration of 2000 ppm, and adsorption time of 12 h. The average sizes

of silver nanoparticles were found to increase with radical reduction time (see Figure

ﬂUEI’J'V]EWI"JWH']ﬂ‘i
’QW'\Nﬂ‘iﬂJ UNIINYAY



90

20 % 3 3/ 40 45
Diameter (nm}

T
Diameter (nm)

Figure 5.17 TEM micrographs of silver nanoparticles on MSPs, prepared from 2000

ppm of silver precursor, 12 h of adsorption, and the reduction time at ;

(a)2h,(b)4h,and (c)8h



91

5.2.6 The physical structure of Ag/SiO; nanocomposite

Table 5.4 shows pore volumes, and BET surface areas of silica nanopowder,
MSPs, and Ag/SiO,. This shows that the different supports of silica nanopowder
possess the low surface area and low pore volume. The surface area of silica

nanopowder itself is considerably smaller in comparison to that of mesoporous silica

which has a high specific surface | &OOO mz/g, [33]. However, the area

was found to be decrease modification with APTES. The

APTES, which coveredm

more agglomerated and res reduc ce area as show in SEM image in

e of' silica-nanopowder, also made the particles

Figure 5.18. After the area of Ag/Si0, nanocomposite
was slightly increa ,

nanoparticles. This re

Figure 5.18 SEM image of silica nanopowder (a) before modification (b) after

modification (MSPs)
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Table 5.4 Physical properties of silica nanopowder, modified silica nanopowder, and

Ag/Si0, nanocomposite.

BET surface area Pore diameter Pore volume
Supports _— —_—
(m~.g") (nm) (cm’.g")
Silica nanopowder 60 na 0.16
MSPs na 0.13
Ag/Si0, na 0.15

" the supports did not

Figure 5.19 T@‘sj;:ﬁ;ﬁf ﬂﬁ%pﬁﬁw mtﬁ (jthe modified silica

nanopowder (nof;t

ARIAN TN INAE

The XRD pattern of the Ag/Si0, nanocomposite is shown in Figure 5.20(a).
The four diffraction peaks are at 38.18, 44.42, 64.66, and 77.26. This pattern is in
agreement with the database pattern, PDF number 04-0783, which represents the face
centered cubic lattice structure of silver nanoparticles [21, 91, 103]. However, there is
another XRD pattern with peaks at 27.88, 32.32, 46.23, 55.45, and 57.6. The pattern
relates to the pattern of AgCl (PDF number 06-0480). This AgCl was a contaminant

from the precursor, silver nitrate as shown in XRD pattern in Figure 5.20(b).
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Figure 5:20 XRD Patterns of (a) MSPs and Ag/SiO, nanocomposite prepared with

10

2000 ppm of silver precursor, 12 h of adsorption, and 8 h of reduction,
(b) Silver nitrate
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5.2.7 Charge on surface of Ag/SiO, nanocomposite

It is known that zeta potential relates to the charge of the support surface and
enzyme molecule. This data is greatly useful for choosing the pH of immobilization
by surface interaction, or adsorption method, as well as understanding the enzyme
immobilization. The type of interaction between the enzyme and support could be
identified by this data. Therefore, for enzyme immobilization application, the zeta
potential at pH of immobilization needs to kneWwnyand the trend of this data could be

known by doing zeta potential- measurement at various pH.

The zeta potential of suica nanopowders, MSPs, and Ag/Si0, nanocomposite
were measured under“different pH solution, as shown in Figure 5.21. All materials
had the zeta potentialiwhich was mere ;negative with increasing pH following the
theory as explained in ghe section 2.3.5 j"@_h;it zeta potential of particles depends on
solution pH. At high pH the zeta potential has*-a higher negative than at low pH. After
surface modification, the surface-of silica'ﬁgl;l(_)powder was more positive. This was
probably due to the aminopropyl groups whlcjh led the surface to be more positive
[111]. After silver nanoparticles were syntﬁééfied, it was. found that the surface of
Ag/S10, nanocomposite-was -more-negative than-modified silica nanopowder surface.
The negative surface charge of Ag/S10, nanocomposite Originated from the hydroxide
ions, which were strongly adsorbed on various silver surfaces [112]. This result
agreed with Alvaréz:Pucblaietial. {113 who teporfted-that'the: zeta potential of silver
nanoparticles was negative by the adsorption of Citrated ions. For this reason, we
suggested that the negative charges in.the. systeni-perhaps affected the surface charge
property: of silverinanoparticles. 'However, at the same.pH, the zeta potential of
Ag/SiO, nanocomposite was less negative than the silver nanoparticles that were
synthesized by other methods, which were in the range of -40 to -50 mV [112-113],
due to the aminopropyl groups that cause the silver nanoparticles deposition on the
MSPs to be more positive [112]. Therefore, it can be concluded that the zeta potential

of the silver nanoparticles also depends on type of attached support.
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Additionally, the zeta potential also indicated the stability of the particles or
colloids. According to table 2.4, the results in Figure 5.21 clearly shown that silica

nanopowder were of incipient instability, while MSPs, and Ag/SiO, were of rapid

coagulation.
5 -
O 4
5 \
>
E
5 107 —a— silica nanopowder
g
g 15 1 —e— modified silica nanopowder
s
E 20 1 —— Ag/Si02 nanocomposite
-25 4
-30 | g ; ;
5 6 = 1o 8 9

pH

Figure 5.21 Effect of pH on zeta potentials of silica nanepowder, MSPs, and Ag/SiO,

On the basis‘of the experimental results ofithe sectionid.2 of this thesis, silver
nanoparticles were successfully deposited onto the surface of silica nanopowder by
ultrasofiication. The aminopropyl groups play an important role/as a chemical anchor
to bind the silver ions and also act as a reductant. The adsorption time and the
precursor concentration significantly influence the numbers of nuclei of silver atoms
because the reduction occurs at the first stage (adsorption stage). While, the reduction
time strongly affect the size control. Since it was postulated that the size of silver
nanoparticles should markedly affect substrate and product mass transfer as well as

enzyme immobilization, we chose two reduction times (2 and 8 h) to test this
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conditions were carrier out at fixed silver nitrate concentration of 2000 ppm and

adsorption time of 12 h in order to ensure considerable number of silver nanoparticles.

5.3 The immobilization of HRP on Ag/MCF and Ag/SiO,

nanocomposite

The experiments in this part were related to 2 subsections; the synthesis of the
silver nanoparticles on the surface of silica supports of different structures (MCF and
silica nanopowder) and the HRP immol;ilization as shown in Figure 5.22. The aim of
this part is study and .eompares the influence of support character on HRP
immobilization, and biosensor applicatibn. Then silver nanoparticles deposited into
MCF (Ag/MCF) were syfthésized following the same synthesizing condition and
procedure as of Ag/S10,. The surface of MCF containing with silanol groups were
partly covered by an amlnopropyl groups#after overnight treatment with APTES. The
obtained terminal aminopropyl groups acted as attachment points for silver ions
through coordinate interactions; Accordmg to tl}g—:- results in section 5.2, this was found
that the size of silver nanopartllces was controlle_d by reduction time. Therefore, silver
particles on modified surface of MCF were flhz:lly achieveéd by radical reduction using
ultrasonication at reductlon time 2 and 8 h under controlled temperature at 20°C.
Finally, HRP was further immobilized on silver nanoparticles and on aminopropyl

group by different interagtion. The interactions between HRP and support surface will

be discussed more in section 5.3.3.
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5.3.1 Characteristics of modified surfaces

Absorbance (a.u.)
77

4000 350054 3000 2500

Wavenumber (cm'l)

Figure 5.23 FTIR spectra of (a) MCF (b) MMCE (¢) silica nanopowder (d) MSP

As disetissed i section 5.2:2, ithe surface fuhctionalization with organosilane
was found necessary for attaching metal ions and forming metal nuclei on silica
surface.. The.functional, group.acts like an anchot-which binds the precursor on silica
nanomaterial'[71-72; 106], and also'prevents the agglomeration of silver nanoparticles
[103]. Figure 5.23 shows the FTIR spectra of MCF and silica nanopowder with and
without surface modification. The silanol group on MCF surface which is represented
by spectrum (a) is markedly observed at 3745 and 3400 cm™. On the other hand, the
peaks of silanol groups of silica nanopowder (c) are not clearly observed probably due
to the low surface area which causes low density of OH functional groups (see table
5.5). After surface modification, free silanol groups were mostly replaced by organic

moieties using adsorption and condensation method [60]. The appended aminopropyl
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groups which are represented on the spectra (b, d) are shown by the presence of C-H
stretching band at 2929 cm™! and 2871 cm™ [60]. Since the surface area of MCF was
much higher than that of silica (see Table 5.5), the C-H stretching band is much more
pronounced. Furthermore, the decreases in BET surface area and pore volume of both
supports in Table 5.5 after surface modification confirmed that aminoproply groups
were also functionalized in the pores of the supports. The pore diameters of both
supports were not significantly changed by surface modification, which indicated that
the APTES did not distinctly block the pore.opéning.

-

Table 5.5 Pore characteristies of MCE and silica nanopowder, before and after

modified with APTES. "L
_ Pore etcr > d BET surface area Pore volume
Supports _5 , 3
| (m*/g) (cm’/g)
MCF " ‘;7" 4 618 1.60
MMCF ' 144“.”‘" 'f“f" b 383 1.22
iAot e
Silica nanopowder n— ? : 60 0.16
L= A et e =
MSP ) pa o (T 43 0.13

" the supports-did not contain the mesoporous pores

Figure 5.24 diwsplays the TEM images of MCF with and without surface
modification, (it' shows that the ‘structures, of MCF' did* not, change after surface
modification. Additionally, the structures of modified and unmodified MCF were
evaluated through the mitrogen adsorption isotherms: /;The lower<volume of nitrogen
adsorbed onto modified MCF surface as shown'in"Figure5.25 confirmed that APTES

was attached into the pores of MCF, and the mesopore structure was still obtained.
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Figure 5.25 nitrogen adsorption-desorption isotherms of MCF (a) before, and (b)

after surface modification
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5.3.2 The synthesis of Ag/MCF

The synthesis of Ag/MCF was achieved by ultrasonication method following
the same conditions used for Ag/SiO, nanocomposite synthesis as was already
discussed in section 5.2. Briefly, the silver ions attached on the aminopropyl groups
modified on silica surface were reduced by electrons from 2 stages during the
synthesis. The first reduction stage was duging silver ion adsorption period, where
amine nitrogen was an electron donor. The second stage was during the hydrogen
radical reduction under ultrasonication.-The influence parameters on the reduction and
formation mechanism of Ag/S10,Wwas clearly explained in the second 5.2

.

Since we previously found that reduction time was the governing parameter

for synthesizing different sizes of Ag/Sié*z. The synthesis of Ag/MCF was, therefore,

tested under two different reduction timesj"(_2 and 8 h).

The UV-Vis absorption spectra of A%/MCF and Ag/SiO, nanocomposite with
different reduction times are showi in Figufé 5'1,"J26. The UV-Vis absorption spectra of
bare MMCF and MSP _show no distinc't'ﬂ‘ﬁé‘;'iks. After.silver nanoparticles were
synthesized on/into, MMEE —and-MSP; the maximum -absorbance peaks of silver
nanoparticles on/into atl supports (Figure 5.26(a), Figure 5.26(b)) appear at the similar
wavelength of 420-425 nm. This was also in accordance to some previous researches
which reported-the band between 410-430: nm ifer jsilyet nanoparticles [72, 83, 85,
114]. Figure 5.26(a) clearly shows an increase in the amount of synthesized silver
nanoparticles, following the reduction time, while" silver, nanoparticles on MSPs in
Figure 5.26(b) are’ not' distinctly ‘different fin terins of lintensity. According to the
different structures, silver ions attached into the pore of MCF must take longer time to
be reduced. However, the analogous plots of the surface Plasmon absorption of
Ag/S10, nanocomposite were distinctly different from Ag/MCEF. Their band width are
different, from the suggestion of Weiping and Lide [105], that interface interaction
between pore wall of silica (with high specific area) and silver nanoparticles plays
important role on the broadening and lowering surface plasmon resonance as shown

in Figure 5.26(a). This interaction is large when the size of silver nanoparticles is
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small, so it might act to suppress surface plasmon resonance. On the other hand, this
interaction between silica nanopowder and silver nanoparticles is much smaller, due
to the silver nanoparticles were attached at outer surface, no wall interaction. (from
TEM image, Figure 5.27), resulting in the narrower in width and higher in peak height
as shown in Figure 5.26(b).

------- 2 h of reduction

— 8 h of reduction

Absorbacnce (a.u.

100 200 300 /154400 700 800

------- 2 h of reduction

8 h of reduction

ﬂ‘Vli'Wﬂ"]ﬂ‘E--MSP

Absorbacnce (a.u.
p-
2
S‘é
=
o
De
E

100 200 300 400 500 600 700 800

Wevelength (nm)

b
Figure 5.26 UV-Vis adsorption spectra; (a) Ag/MCF (b) Ag/SiO,
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1. The size and shape of silver nanoparticles

As shown in section 5.2.5 that the reduction time affected the size of silver
nanoparticles on silica nanopowder. The size of silver nanoparticles are increased by
increasing reduction time, the average size of silver nanoparticles of Ag/SiO,-2 and
Ag/Si0O,-8 were respectively determined at 10 and 16 nm as shown in Figure 5.27 (c,
d). However, it was found that the reduction time did not significantly affect the size
of synthesized silver nanoparticles. The average size of silver nanoparticles of
Ag/MCF-2 and Ag/MCE-8 are around'5 nm. This-result can be explained by high
surface area of MMCF may~smoothly distribute the silver nanoparticles with the
proper distance between particlés: For tf}at reason, the longer reduction did not cause
the small nanoparticles to form the large_r particles. On the other hand, in the case of
Ag/Si0,, silver precursors were depos1ted' at the outer surface of MSPs, therefore the
reduction between precursors and the genérated hydration electrons were not blocked
by the pore wall. Then, hydrauon' electrons were easily approached to silver ions.
Moreover, the silver nanopartlcles were no‘t limited by the space then they can grow

deid b H
easily. —a

However, the-FEM-1mage-m-tigure-5:27-(a;-b) —shows that the synthesis of
Ag/MCF was achievedand that the silver nanoparticles attached inside of the pores
could be observed. Tﬁéy are attached near the inner pore wall, so they might be

attached to amifiopropyl groups whichtact as' the anchoritosthespore surface.
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Figure 5.27 ﬂ\uﬁl ANUNINY ’m@ h of reduction time

(a) g/MCF-2, (b) Ag/MCEF-8, (c) Ag/Si0,-2, and (d) Ag/Si0,-8

ammnmum'mmaa
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Figure 5.28 XRD patterns of (a) silica ﬂanopowder and (b) MCEF, (c) Ag/SiO,-2, (d)
Ag/Si0,-8, (&) A¢/MCF-2, and (f) Ag/MCF -8

The XRD pattemns of the Ag/MCIiand Ag/Si0O; nanocomposite are shown in
Figure 5.28. All of them show the srmrlar patterns which indicated the same type of
silver nanoparticles produced. A% ha% already peen discussed in section 5.2.6, silver
nanoparticles with face centered cubrc lattlce structure were synthesized. The silver
nanoparticles are reptesented by the four drffractlon peaks at 20 values of 38.18,
44.42, 64.66, and 7726 respectively. However, AgCl Werer‘also observed on modified
supports. It was found that AgCl was contaminated in the silver nitrate precursor
reagent. Moreover, thegintensities of Ag/SiO, of both samples are higher than
Ag/MCF. This"is because the silver nanoparticles-on MSPs possess the bigger size
than on of MMCEF as confirmed by TEM image in Figure 5.27, and relates with the
equation| 5.2 { I'15];

ﬂhkl = K—/I (5.2)

L, cosb,,

Where:

B is the width of the peak at half maximum intensity of a specific phase (hkl) in
radians
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K is a constant that varies with the method of taking the breadth (0.89<K<1)
A is the wavelength of incident x-rays
0 is the center angle of the peak

L is the crystallite length

2. The pore character of Ag/MCF and.Ag/SiO,

The pore characters .of MCF-J and silica nanopowder after the surface
modification and silver_manopaiticle addition, as well as the location of silver
nanoparticle, were discussed in ghis section, This data is necessary for indicating that
enzyme could diffuse theugh' the poie or be immobilized at outer pore surface of
supports. Furthermore, the changing of E)or_e surface and pore volume is useful in
explaining the enzyme immebilization.

2

Ag/MCF and Ag/Si0, were synthesizgg by varying the reduction times. For
Ag/MCF, the bigger pore diameter of AE/MCF—Z and Ag/MCF-8 in Table 5.6
indicates that the pores of MMCF were collé;?sed, as cohsequence of the lager pore
volume and reduced surface area were obtained. Even thoﬁgh this speculation of the
pore collapsing could not be observed by TEM 1mage in Figure 5.27 (a, b), but it
could be confirmed by the, pore size distribution of Ag/MCF-2 and Ag/MCF-8 in
Figure 5.29(a)."This shows that the-pore diameter of around 15 nm disappears, while
the bigger pore diameters are formed. The large pore may be formed by the collapse
of the Small pore Wwhich was*broken by the ultrasound power: Ii.shows that the pore
diameters of MMCEF and are bigger with the longer reduction time (8 h). However, the
TEM image from Figure 5.27 (a, b) still shows frame network structure of MMCEF.
Additionally, the mesoporous structure was still obtained as confirmed by the nitrogen

adsorption isotherms as shown in Figure 5.30.

Furthermore, as discussed in section 5.2.6, the surface area of Ag/SiO, was

increased by the synthesized silver nanoparticles. Table 5.6 shows that the surface
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areas of Ag/SiO, were slightly increased by increasing the reduction time. This also
suggests that most of silver nanoparticles were attached on the outer surface.
However, as shown by the pore size distribution of Figure 5.29(b) that the bigger
pores at around 15-20 nm were observed from Ag/SiO,-8. This also indicated that the

pores of MSPs were collapsed by ultrasonic power, which was increased by

Table 5.6 Pore characteristics %opowda, after modification with

APTES, and siting wﬁanoparﬁcles using 2 and 8 h of

|
reduction t : .
T, W

increasing the reduction time.

Supports i’l l 2@' \\Q\\ /g Pore volume cm’/g

Ag/MCF-8 1.35

MMCE 1.22
Ag/MCF-2 ' ;,,,“ ‘ 135
v _._' ¥ .l

MSP | 0.13
Ag/Si0,-2 r 50 0.14
Ag/SiO,-8 : ﬂ" 2 0.15

6 '
2 reduction for 2 h D m

8 reduction for 8 h

T Y 59 W"? WeIN?
AW AINIURIINA Y
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Pore Size Distribution (cm3/g.nm)
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Figure 5.29 Pore size distribution of supports : (a) various type of MCF and (b)

various type of silica nanopowder
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Volume adsorbed (cm3/g, STP)

Zeta potential
-22.40
MMCF 487 « MSP = o -2.80
mamnwumammam
CF 8 -6.92 Ag/Si0,-8 -5.46

Table 5.7 shows zeta potential values of all supports in buffer solution with pH
8. It was found in section 5.1 that pH 8 of enzyme immobilization, provided the
highest specific activity and storage stability of immobilized HRP. The unmodified

supports, MCF and silica nanopowder surface are mostly covered with a large amount
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of silanol (Si-OH) group, pl of silica around 2, so that the zeta potential of these
materials at pH 8 were highly negative value. On the other hand, after surface
modification the zeta potential of MMCF and MSPs were apparently less negative.
This caused by the protonation of aminopropyl groups on the functionalized material.
The protonation will lead to the formation of a positively charged shell on the surface
of support [111]. According to Chong and Zhao [9], the negative zeta potential of
MMCF and MPS may suggest that silanol groups on support surface were not

completely covered.

After silver nanopattieles” were composited with silica, the zeta potential
slightly decreased. The sucfacepotentials became more negative by the adsorption of
hydroxide anion from"theswater [L12], it has been published that hydroxide ions
strongly adsorbed on warigus silver surf-f“ace [112]. However, the zeta potential of
Ag/Si0O,-2 and Ag/MCE=2 were less negétj\;é than Ag/SiO,-8 and Ag/MCF-8. It may
indicate that unreduced silver ions remainéd on the surface of silver nanoparticles on
both supports at the reduction time of 2 h. f’hi_s_speculation is supported by the report
of Ma et al. [116]. They found that the fresh%ilifér particles may still contain the silver
ions. They suggest that silver'nanoparticiéﬂ‘s"r's‘ili()uld be aged before being used in
biomolecular field. Additronatiy;1t-was found that HRP1iamobilization on Ag/MCF-2
was less active than on Ag/MCE-8, this related to this assumption, which will be
further discussed in section 5.3.3. However, Ag/Si0,-2 and Ag/SiO,-8 show only
small differenc€ inizeta potentiali Thisicould be explained-by-the following. At 2 h of
reduction time,y silver ions which were attached on the outer surface of MSP was
easier to be.reduced than.on MMCEF, resulting in more silver nanoparticles formed,

therefore less silver'ions were left.

Therefore, the knowledge of the pore characters and surface properties of
supports are useful for enzyme immobilization. The changing of pore characters and
surface properties, before and after surface modification with functional groups and
silver nanoparticles of those supports, were clearly known. This data will be used for

understanding and discussion of the enzyme immobilization in following paragraph.
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5.3.3 The immobilization of HRP on Ag/MCF and Ag/SiO, nanocomposite

From the first part of this chapter, section 5.1, pH and pore structure play
important role on HRP immobilized on mesoporous silica. HRP was probably mainly
immobilized on silica surface by electrostatic interaction. HRP molecule is positive
charge at pH below 8.9 (pI), the maximum specific activity and stability of
immobilized HRP was obtained at pH 8 and on MCF. Nevertheless, the leaching of
immobilized HRP still be .a problem. Theréfore, in this part of our work, we
investigated other parameters influencing HRP immobilization and biosensor
application. The improvementofsurface properties by adding the silver nanoparticle
was considered for improving the properties of 1mmobilized HRP. Therefore, the
surface modification by aminopropyl greups and presence of silver nanoparticles on
MCF were used to study HRP. immobili%ation. However, the enzyme immobilization
into the pore of supports; the mass transfé; ;esistance must be considered. To clearly
understand the influence of surface‘properti‘és'and mass transfer on HRP immobilized
on Ag/MCEF, silica nanopowder (Ag/SiOz)'v?ith_almost non pore structure was used to
immobilize HRP. Finally, the comparing '{efﬁf"‘the properties of immobilized HRP
namely; enzyme leaching, enzyme loadirié;";é‘rizyme activity, storage stability and

electrochemistry on Ag/M€H and-Ag/S1Os nanocomposiic Were discussed.

1. interaction between enzyme and surface supports

It is knewn that interaction between enzyme and support surface, enzyme
immobilization.by_ adsorption.method, depends on' the, functional “groups and charge
on the ‘surface ! of 'support. © Sincet MCE and®silicat.nanopowder were surface
functionalized by aminoproply groups and silver nanoparticles. Resulting in there
were various functional groups on one support surface. Therefore, the interaction
between HRP and support surface, which was carried out in solution pH 8 that could

occur on different supports are proposed in the following paragraphs.

The hydrogen bond of the support surface and the enzyme could be taking

place with aminoproply groups on the modified surface and amino or carboxylic
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groups of the enzyme. The hydrogen atom, which is covalently bonded to the nitrogen
atom at the support surface, may interact to nitrogen or oxygen atom of enzyme

molecules as shown in Figure 5.31(a).

At the same time, since APTES is a nonpolar molecule, it consists of
hydrocarbon chains. It was possible that R groups (CH,CHj3) of APTES molecules
were remained on the surface. Aecording to the suggestion of Veliky and McLean
[49], the enzyme could be rearranged so theit.molecules adsorb on the modified agent

through the hydrophobic interaction, as-shown in-Figure 5.31(b).

The electrostatic sinteraction ﬂ[plays an important role in the HRP
immobilization on OMMs as dis¢ussed in section 5.1. It's the interaction between the
different charge of the enzyme molecule and support surface. Electrostatic interaction
depends on their isoelegtric pomt the ﬁH of the enzyme is 8.9, silica is 2, and
aminopropyl is 8.7 [117]. /At pH & (pH fqr-- enzyme immobilization), HRP possesses
the positive charge similar to that electfd%_tgtjc repulsion of aminopropyl groups,
therefore it could not interact with aminéiéfgi;ly groups by attractive electrostatic
interaction. However, since the zeta poten'tifél'l:’('éée table 5.7) of the support surface,
with the presence Of siiver-nanoparticie;-are-negative- potential. For that reason,
enzyme may interact| with  silver nanoparticles by fﬁe attractive electrostatic
interaction, as show in Figure 5.31(c). Additionally, silanol groups of silica surface
might not beZhomogeneously jcoveted by athe grafting, method. Therefore, the

electrostatic interaction between enzyme and silanol groups also might be occurring.
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2. The effects of support characters and surface properties on HRP

immobilization

The HRP immobilization on different MCF and different silica nanoparticles
supports in buffer solution pH 8 for 24 h at 4°C, are shown in Figure 5.32(a) and
Figure 5.32(b), respectively. The considered parameters of immobilized HRP; enzyme
loading, leaching, and activity are discussed based on the character of supports as
follows. From Figure 5.32, support charactces stvongly affect the loading, leaching,
and activity of HRP. In-terms of enzyme loading, the different MCF supports
possessed the higher surface aréasand larger pore volume than the silica nanopowder
type (see data in Table 5.6)gtesuliing in the higher amount of HRP absorbed as shown
in Figure 5.32. MMCF provided the lowest of enzyme loading of 95%, while MCEF,
Ag/MCEF-2, and Ag/MEF-§ provided thej—similar enzyme loading up to 99 %. From
Table 5.5 and Table 5.64they show that §y£face area and pore volume of MCF were
moderately reduced by suiface modificatiqﬁ-,‘ while the pore opening was not blocked.
The synthesis of Ag/MCF-2 and Ag/MCFLS; caused the reduction of surface area,
while there was a little change on the perej volume. However, the bigger pore
diameters were formed, which were discuéééaéin the section 5.3.2. Therefore, these
data indicated that HRP-could-ditfuse-through the pore and was immobilized in the
pore of MMCF, Ag/MCF-2 and Ag/MCE-8, similar to that of MCF. On the other
hand, there were only a little of HRP immobilized on different silica nanopowder
supports which’pos§ses @ lowysurface area. «The lowestof enzyime loading was ~2 % of
initial enzyme,; obtained from MSPs. The other of different silica nanopowder

supports, provided the similar enzyme loading of ~3%.

In terms of enzyme leaching, the predictable results were obtained in this work
as shown in Figure 5.32. Immobilized HRP leached from MCF less than from silica
nanopowder. It has been proven in our previous section 5.1.2 that because of the
spherical cell and frame network structure of MCF, so it was difficult for enzyme to
leach from MCF. The enzyme leaching was not obtained from Ag/MCF-2, while the
highest of enzyme leaching was obtained from MMCEF of ~32% of immobilized HRP.

This indicated that enzyme was interacted with the support surface by a weaker
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interaction than that with the other MCF supports. On the other hand, silica
nanopowder has the wide and shallow pore, HRP may also be immobilized in the pore
and on outer surface. Therefore, immobilized HRP leached out easily from its pore,
and from the outer surface. The enzyme leaching had the similar results of MCP
supports; the lowest leaching was obtained from Ag/Si0,-2, of ~2%, while the highest
enzyme leaching up to 82% from MSPs.

In terms of enzyme activity, it 1s known_that the immobilization method and
mass transfer resistance-strongly influence on-the specific activity of immobilized
enzyme. In this case, only.themass transfer was considered, because the same
immobilization method was™ used for both supports under comparison. The HRP
immobilization on silica pangpewder was aimed to investigate the effect of mass
transfer on immobilized HRP. The specii%i‘c activity of immobilized HRP on different
MCEF supports and diffezent silica nanopo@'yddér supports are distinctly shown in Figure
5.32. The specific activityof HRP immob’i;ﬁ'ze'd onto silica nanopowder was around 3
times higher than the one immobilized 1n{0‘ MCF This could be explained by the
“hd

effect of mass transfer resistance-as follows.

P
iyl e

For HRP immabihizationm stiica nanopowder which was of very low porosity
(almost non porous),r external mass transfer should be more significant than internal
mass transfer. As introduced in section 2.5.2 that the mass transfers of substrate and
product depend-onithe/drivingiforce ofi theit différént concentration between bulk and
support surfacegand as well as the mass transfer coefficient as shown in question 2.3.
The mass transfer coefficient.relates to the stagnant film; the mass transfer increases

when the stagnant film ‘is thinner.
N = ky(So-S) (2.3)
In the case of enzyme is immobilized into the porous material. The internal

mass transfer resistance is considered since it has been generally found that internal

mass transfer resistances are much higher than external mass transfer resistance.
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From Figure 5.32(a) represents of the HRP immobilization into porous
materials; various MCF supports, while Figure 5.32(b) represents the HRP
immobilization on the almost nonporous supports. Comparing the specific activity of
immobilized HRP on both type supports, it is clearly shown that the internal mass-
transfer is the limitation of the reaction. The specific activity of immobilized HRP,
which expected to immobilize at outer surface of silica nanopowder, are much higher

than the one that immobilized into the pore/of MCF.

While comparing.the specificactivity-of -immobilized HRP between the
different MCF supports, it_shows that specific activity of immobilized HRP on
MMCEF was the highest, although' its surface area and pore volume were moderately
reduced from the surface modification (see data in Table'5.5). The specific activity of
immobilized HRP on MCFEwas higher thjan Ag/MCF-2 and Ag/MCEF-8, respectively.
Compared to the free enzyme, the hi ghestj":_sl;écific activity was obtained from MMCF
of ~32%. The specific activities-of ‘immobi‘lized HRP on different silica nanopowder
supports have the same analogous with'i:';f;different MCF supports. The highest
specific activity of immobilized-HRP was 98‘7:;, obtained from MSPs. This could be
explained by 2 reasons; the enzyme was iﬁiﬁfébilized on. outer surface of support,
which facilitated the—substrate—to —approach the wmiimobilized HRP; and the
aminopropyl groups provided a weaker interaction bétween enzyme and support
surface, resulting in the more active immobilized enzyme. The effect of aminopropyl

groups on HRP:immeobilization will beidiscussed motre inthe fiext section.

2.1.The effects of aminopropyl.eroups.on‘HRP immobilization

The aminopropyl groups functionalized on support surface also influenced
properties of enzyme immobilization and provided the essential interactions between
the surface of support and enzyme [3-4, 9]. From Figure 5.29, the amount of HRP
adsorbed on both modified silica surface supports was slightly less than unmodified
surface supports. These results may be caused by 2 parameters, surface area and
surface properties. The surface area of supports was considerably reduced after

modification, which caused the surface area of MCF and silica nanopowder reduced



118

38 and 28 %, respectively. The surface property of silica supports was changed by
addition of aminopropyl group, which increased the hydrophobic property of support
surface. This addition also improved the hydrogen and hydrophobic interactions
between enzyme and support surface [9]. On the other hand, the attractive
electrostatic interaction between HRP and support surface was reduced because
aminopropyl groups are positively charged at this pH [3], its isoelectric point is 8.7.
The attractive electrostatic interaction can be/proven by zeta potential at pH 8, which
was strongly lowered because of the preés€mce_eof aminopropyl groups. Thus, the
difference in charge between support surface-and - HRP was also reduced. Some
researchers commented  that~hydrophobic and hydrophilic properties of support
surface have more influenge on adsorption of some proteins on mesopous silica than
electrostatic interaction |9, 85-56].

On the contrary. the aminopropyl j'g:_r(J)’-up did not improve the leaching of HRP
immobilized on both supports in"this stqdy'-’probably due to the weak interaction
between HRP and modified support Surfat':;q.; As a consequence, immobilized HRP
was slightly leached from the MMCE an(i considerably leached from MSPs.
Moreover, the HRP was in moré flexible fdﬁﬁﬁéc’ause of the weak interaction, so that
the specific activity of the-enzyme tmmobihized on- modified surface was much higher
than on the unmodified surface. This specific activity was 38% and 47 % higher than
MCF and silica nanopowder, respectively. In addition, aminopropyl groups which
have the similary functional? groups rwith dénzyme™ molecules, may provide a
biocompatible environment for enzyme to be active. Therefore, based on the results of
this study, .the electrostatic. interaction, which:'is, .stronger than hydrogen and
hydrophobic " interactions, s tstrtongly~influential’ on 'the less.specific activity of

immobilized HRP.

3. The effects of silver nanoparticles on HRP immobilization

The synthesis of silver nanoparticles onto both modified supports affected 2
parameters of HRP immobilization. First is the charge surface property. The silver

nanoparticles slightly reduced the zeta potential, consequently increasing the
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attractive electrostatic interaction between the surface of the support and enzyme.
Therefore, the silver nanoparticles with negative charge could attach HRP molecule
through the electrostatic interaction between the cysteine or NH, -lysine residues of
HRP and silver surface [61]. Second is the support structure, due to the 3 dimension
property, one silver nanoparticle (main size ~ 17 nm) was able to adsorb several HRP
molecules (approximate diameter = 48 nm) [2], resulting in an increase in the amount
of enzyme adsorbed on support. The attractive electrostatic interaction between the
enzyme and support surface was increased<by.silver nanoparticles, consequently

leading to a reduction in leaching of adsorbed enzyme.

The silver nanopasticles strongly affected the specific activity of HRP, also
depending on the surface ghagge/and poresstructure. It was observed that the specific
activity of HRP immobilized on Ag/SiO@‘—%_and Ag/MCF-2 was considerably lower
than that Ag/Si0,-8 and/Ag/MCF-8. This:!i_s due to the silver ion that remained on the
support surface inhibiting the specific actiﬁtji of the enzyme [116, 118]. This result
confirmed the data from zeta poténtial, whi:E:hN indicated some silver ion remained on
the silver nanoparticles surface: Howev&; i)[a et al. [116] suggested that the
remaining silver ions, on the surface of sii{}éf;ﬁanoparticles could be eliminated by
aging after synthesis~But; results from this work at the-high concentration of silver
precursor that were Synthesized did not support this conclusion. Comparing the
specific activity on the different structural supports having similar chemical surface
characteristics{.the specific activity'of HRP-absorbed on Ag/SiO,-8 was several times
higher than fromy Ag/MCEF-8. This showed that under the similar interaction between
the enzyme and.susface, the substrate was, easily .approached.to HRP. immobilized on
Ag/S10, nanocomposite materials."On-the ‘other hand; silver nanoparticles attached on
MCEF create a steric hindrance that prevents substrates to approach the immobilized
HRP. However, the specific activity of HRP immobilized on Ag/SiO,-8 was
considerably lower than the one attached on silica nanopowder and MSPs. This result
suggests that even without the mass transfer problem, silver nanopaticles also did not
improve the specific activity of HRP. This result does not agree with the previous
published research that suggested that silver nanoparticles induced the activity of

Papain immobilized on silica spheres by covalent bonding [119]. Therefore, we can
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conclude that the electrostatic interaction between silver nanoparticles and HRP

makes enzyme in a more inflexible form than another interactions.

5.3.4 The storage stability of immobilized HRP
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Figure 5.33 Storage stability of immobilized HRP on various supports at 4°C

The storage-stability of immobilized HRP was .indicated by the residual
specific activity of enzyme at 4°C at specific storage time. The residual activities of
immobilized HRP on different supports at,pH 8 are shown in Figure 5.33. The
maximum residual activities of immobilized HRP*were obtained from the modified
surface support.“This is because the NH, functional group on the modified surface
support testilted in‘a|low negatively charged surface combinéd with the low positively
charged tenzyme at pH 8, provided the hydrogen, hydrophobic and weakly
electrostatic interaction between modified surface and HRP. These weak interactions
caused the HRP molecules to be more flexible. This result supported our previous
work showing that the lower electrostatic interaction between support and HRP
provided the better storage stability. However, the immobilized HRP on Ag/SiO,-8
and Ag/MCF-8 still presents good stability at 4°C. The residual activities of HRP

immobilized on the support type MCF were higher than the one immobilized on silica
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nanopowder type. Due to the enzyme being immobilized inside the pore of supports,
it was consequently protected leading to more storage stability. Therefore, it can be
concluded that silver nanoparticle is biocompatible and provides a good environment

for the enzyme to be active.
5.3.5 Biosensor application using modified electrodes for phenol detection

In this part, biosensor applications of Ag/MCF and Ag/SiO, for phenol
detection are discussed. The electrodes-modified with different supports with/without
HRP were tested. The clectrtochemical reactions werc tested by observing respond
current at a fixed -0.05'V [98] in 0.1'M phosphate buffer (pH 7.0) containing 0.1 mM
H>0; and 0.1 mM phenol, whieh acted as substances.

The possible catalytic mechanismj"pf’-HRP reactions with H,O, and phenol on

electrode surface was explained by Ruzgas et al. (118 ].

HRP (Fe*)+H,0, —=> HRP (Fe’) + H,0 (5.4)
HRP (Fe™) +.phenol > HRP (Fe™) + Product (5.5)
HRP (Fe*")+ phenot———>-HRP(Fe )+Product + H,0 (5.6)

The HRP immobilized on the biosensor surface was oxidized by H,O, to form
the first intermediate] (HRP (Fe5 ") injeguation?s.4)s And €ompound I was reduced by
phenol to form the second intermediate (HRP (Fe4+) in equation 5.5). HRP (Fes+) and
HRP (Fe*) expressed. the two-. and one- eleCtron .oxidation. state, of the native
ferriperoxidase respectively. Compound II'is subséquently-reduced back to the native

HRP by accepting one more electron from phenol (in equation 5.6).

The electrochemical reaction of MCF and Ag/MCF nanocomposites with and
without HRP were investigated on glassy carbon electrode (GCE) using amperometry
as shown in Figure 5.34(a). It was found that the electrode with modified MCF
containing HRP produced high current up to -3.14 pA. In the presence of silver

nanoparticles on MCF, the response current was -3.49 pA, higher than of MCF 11%.
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While the response current of MCF and Ag/MCF without HRP is not significantly
observed. This demonstrated that silver nanoparticles can enhance the rate of electron
transfer as expected. However, in section 5.3.3, silver nanoparticles were found to
inhibit the reaction of immobilized HRP. Compared to unmodified surface support,
MCF and silica nanopowder, the specific activity of immobilized HRP of Ag/MCEF-8
and Ag/SiO, were reduced 55 and 18 %, respectively. In similar conditions, the
enzyme immobilization on GCE modified:with Ag/MCF may be inhibited by silver
nanoparticles. In fact, theiefore the responSc..current was produced by silver

nanoparticles supposed to-be-higher than that of 17%:

Figure 5.34(b) shows the currents of GCE modified silica nanopowder and
Ag/Si02 with and without HRP. The results are analogous to the currents of MCF and
Ag/MCF in Figure 5.34(a)./The responsc-*current of HRP on silica nanopower was -
2.8 uA, while the response current of Ag/éiOz was -3.53 uA, higher than of silica
nanopowder 26%. This confirms that silver{hahoparticles on MPSs highly enhance the
electron transfer. Ja

rsrda

It is interesting that the current froiﬁ" éifriperometry, which produces by HRP
immobilization on MEF was higher than that of silica nanopowder. As a result from
the fact that MCF possesses higher surface area than silica nanopowder, it could
adsorb more HRP (see enzyme loading in Figure 5.32). This resulted in higher
response current fiom MCE ¢léectiode: However, the tesSponse currents which were
obtained from welectrode modified with Ag/MCF and Ag/SiO, were similar. The
different in, enhancement of the electron,transfer rate.on both-suppoOsts,may be caused
by the 'character- of “silver" nanoparticles. First, * the-different “sizes of silver
nanoparticles; the main sizes of silver nanopartilces were 5 and 17 nm on Ag/MCF
and Ag/SiO; respectively. Second, the different location of silver nanoparticles, they
were attached inside the pore of Ag/MCF while they were attached outer surface of
Ag/SiO,. Third, the different number of silver nanoparticles as well affected the

electron transfer rate.
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b
The currents amperometry obtained from Glassy carbon electrode on (a)
MCEF and Ag/MCEF (b) silica nanopowder and Ag/SiO, with and without
HRP in 0.1 M phosphate buffer (pH 7) containing 0.1 mM H,O, and 0.1
mM phenol at -0.05 V.
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To conclude, results in section 5.3 for MCF supports and silica nanopowder
supports that were synthesized under the similar conditions are applicable for HRP
immobilization and biosensor. For enzyme immobilization, after surface modification
by aminopropyl groups as well as silver nanoparticles, surfaces of MCF supports still
are large enough to play an important role in enzyme loading. Almost 100% of the
initial enzyme was immobilized as well as that of the unmodified support. On the
other hand, the almost nonporous supports of silica nanopowder and aminopropyl
groups which provided the weak interactionbetween enzyme and support surface
plays the important role-in-terms of activity of smmobilized enzyme. The specific
activity of immobilized HRP.wasaip to 98% on MSPs. However, it was found that the
addition of silver nanopafticles ‘on Support inactivated the immobilized HRP.
Compared to MSPs, the spe€ific activity Aof 1mmobilized HRP was reduced from 98 to
57%. The reduce of specific act1v1ty of—"lmmoblhzed HRP could be explained by
interaction between enzyme and suppo"rt ‘surface. Enzyme was immobilized on
Ag/SiO2 by electrostatic interaction Whlgh- restricts immobilized HRP, resulting in
inactivation of enzyme. However, the moﬂiﬂficfa}tion of supports by functional groups
and silver nanoparticles did not innlprove tlf;é;eJi;zyme leaching as was expected. For
biosensor application, Ag/MCE and Ag/Si;éi'.’Wais used for phenol detection. It was
found that silver naheparticie-plays—more-mmportant: iole than the large surface

property to greatly enhahce the current at the electrode surface.



CHAPTER VI

CONCLUSIONS

6.1 Selection of suitable OMMs for HRP immobilization

The experimental results obtained in” the present work revealed significant
roles of electrostatic interactions and” MPSS pore characters on enzyme loading,
leaching, activity, and storage stability. MCM-41 and SBA-15 were rod-like with
respective main pore diamefers®of 32, and 54 A, while that of MCF with spherical cell
and frame structure was 148 AL Under aftractive interactions (at immobilization pH 6
and 8) almost 100% HRP loadings were ﬁbgained for all types of supports. However,
effects of pore characters were more p},phounced under repulsive interactions at
immobilization pH 10. In'this case, MCE i)vfiich was of the biggest pore diameters
gave both the highest enzyme loadmng andjéacj:}'ling. Insignificant HRP leaching was
observed at immobilization pH 6 for all typeﬂ?ofssupport&

Maximum and minimum HRP acfivities were obtained at respectively
immobilization pH 8, and 6. Inflexibility of HRP molecules at pH 6 or hindered
enzyme active sites were.postulated to be reasons for the low enzyme activity. It was
found that activaties of immobilized HRP increased with support pore diameters in the
order: MCM-411< SBA-15 < MCF. HRP immobilized at pH 8 had the highest storage
stability«(both at 4°€ and-roem temperature),-and-injoppesitionte pH 6. In addition,
HRP immobilized" in MCF was "the” most stable understorage. ‘It was therefore
hypothesized that HRP was likely to be denatured under conditions that rigidly
control its three dimensional structure. The conclusions drawn in this work may be
significant for the understanding of enzyme immobilization in mesoporous silicas and

undoubtedly useful for their applications in the fields of biocatalysis or biosensors
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6.2 The synthesis of Ag/SiO, nanocomposite by ultrasonication

The Ag/SiO, nanocomposite was successfully synthesized by ultrasonic
method. In this method, the silver nanoparticles were adsorbed on aminopropyl
functionalized silica nanopowder. It was found that the functionalization agent,
APTES, also acted as a reducing agent during the synthesis. The synthesis conditions
strongly affected the number and size and size distribution of silver nanoparticles. The
adsorption time and silver nitrate concentrationsinfluenced on the number of silver
nanoparticles, while they only slightly affected the size of silver nanoparticles. On
the other hand, size of silver-nanoparicles could be strongly controlled by the
reduction time. With increasing reduction time from 2 to 8 h, the size of main silver
nanoparticles were changed from 10 to 17 respectively. Since the reduction strongly
affect the size of silver nanopartilces Whigh was expected that the size of silver
nanoparticles should affect on enzymé_ immobilization as well as biosensor
application. Therefore, the two reduction t'i;rrié (2 and 8 h) were chosen to test this
condition on MCF support. In order to bj}sure considerable number of silver
nanoparticles, silver nitrate concentration and a&sorption time were fixed at 2000 ppm

and 12 h respectively:

6.3 The immobilization of HRP on Ag/MCF and Ag/SiO,

nanocomposite

The Ag/MCF nanocomposite was synthesized under the_same conditions as
that of Ag/Si0, nanocomposite. The small silver nanoparticles (main size 5 nm) were
successfully synthesized inside the pores of MCF. It was found that the reduction time

of the synthesis did not affect the size of silver nanoparticles on MCF.

For enzyme immobilization, there were many factors affecting the HRP
immobilization such as, surface area and structure of supports, functional group and
charge properties on the supports surface, and the remaining silver ion and silver

nanoparticles. The support characters strongly influenced the loading, leaching, and
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activity of HRP. The different MCF supports; MCF, MMCF, and Ag/MCF possess
the large surface area, resulting in higher amounts of HRP adsorbed than those of
silica nanopowder based supports. The structure of support strongly affected the
activities of immobilized enzyme. HRP immobilized on silica nanopowder provided
almost as high activity as than of free enzyme activities due to the almost non porous
structure of silica nanopowder, which also provided substrate easily approached to
immobilized enzyme. Additionally, aminopropyl groups functionalized on the surface
of silica nanopowder also provided the weakei interaction between enzyme and
support surface than that of unmeodified Suppori. As-a consequence, immobilized HRP
was in a more flexible formebeeause of the weak interaction. The activity of the
enzyme immobilized on medified surface was much higher than on the unmodified
surface. However the drawback of MSPs‘-isl.the high amount of enzyme leaching.
Silver nanoparticles on MCFor slhca nanopowder inhibited the activities of
immobilized HRP. The activities of HRP O;ﬁ-'Ag/MCF-Z and Ag/Si0O,-2 were inhibited
by the remaining silver ion on silver nanoﬁe{?ﬁ;}es. The activity of HRP on Ag/MCF-
8 was lower than of MCF. This Tadicated théféﬁver nanoparticles may block the mass
transfer inside the pore of MCFE. The preséﬁéé*éf silver nanoparticles on the support
also changed the surface property; the negative charge oin surface was lower than of
MMCF. This resulted in the stronger electrostatic interaction between enzyme and
support surface. As a consequence, the activity of HRP on Ag/SiO,-8 was much lower

than in absence0f $ilver nanioparti¢les:

The HRP immobilized. inside the pore.of support. (MCF,_.MMCF) had higher
storage stability.! "Additionally, the/HRP immobilized 'on.MMCF, which was in the
flexible form, had the highest activity during the observed period of time.

HRP immobilized on Ag/MCF and Ag/SiO; has been successfully applied on
glassy carbon electrode. The amperometry showed that silver nanoparticles greatly

enhance the current at electrode surfaces.
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6.4The suggestion for further research

Since it was shown in section 5.3.3, that Ag/MCF and Ag/SiO; could enhance
electron rate at the surface of biosensor. It indicates that there is possibility to use
these materials as an enzyme carrier. However, there are many performance factors
need to be measured for representing the performance of this bioreceptor, such as

selectivity, the concentration that can be measured (the detection limit),

reproducibility, and life time, as well as the pH of the sample solution.
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