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There is no doubt that methods based on catalysis by enzymes will increase in number and
practicability as advances are made in the study of these substances and as more enzymes
of known activity and purity become commercially available

Thomas S. Lee in 1954
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Abstract

GOx was, to the authors knowledge, for the first time successfully immobilized in DGS.
The intrinsic fluorescence of GOx was measured in both solution and a sol-gel derived
matrix in both the presence and absence of glucose. A setup to measure the fluorescence

intensity in a plate array was developed.
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1 Introduction and background

1.1 Diabetes and the importance of glucose sensors

The number of people with diabetes mellitus worldwide was in 2009 estimated to be
285,000,000 in 2010 and calculated to become 439,000,000 by 2030 [1]. In another
paper from 2011 [2] the number was estimated to be as high as 347,000,000 already in
2008. It is clear that the number of people in need of glucose sensors is high and
increasing. This can be indicated by searching for “Glucose sensor” on the Internet.
When searching for “Glucose sensor” 19,735 hits were found by SciFinder (search done
25.04.2014). To prove that the interest is increasing a second search some weeks later

(15.05.2014) gave 19,826 hits, which is an increase of almost 100 papers in three weeks.

Since the body of diabetic patients does not automatically regulate the concentration of
insulin proportional to the glucose concentration in the blood, this has to be regulated
manually [3]. Analysis of blood sugar levels, the glucose concentration in their blood, has
to be done many times a day [4]. This is normally done by drawing blood, which is
analyzed by hand-held glucose sensors to give the patient the blood sugar level. While
the hand-held machines have been an important progress [5], this method is not ideal,
as it is invasive, forcing the diabetic to draw blood. Usually this is done from a finger,
and multiple pricks in a single finger can over time lead to numbness. Other
disadvantages are that these sensors needs a reference signal, a person has to be awake
to use the sensors, and dangerous states of hyper-/hypoglycemia can also occur when

the diabetic is asleep [5, 6].

Optical biosensors utilize light and the selective nature of biological components for
responding to specific analytes [7]. Inmense research is done on optical biosensors [8],
and great progress has been made [9] since the first optical biosensor by Liibbers and
Opitz [10]. The use of optical sensor can help avoid many of the problems caused by
electrochemical sensors [6, 11]. Unlike many other analytical methods, like
electrochemical methods, the light used is mostly not harmful to the body or system it is
used in, and in theory the excitation and measuring can be done noninvasively from

outside of the body [5]. Using fluorescence can be extremely sensitive [8, 12], and the



signal can travel great distances making it possible to measure glucose concentrations in
hard to reach places [11]. The equipment used is fairly cheap, easy to use and is not
disturbed by electrical or magnetic fields [11]. Another advantage is that there are
different methods, which can be applied within the field of fluorescence; using a steady-
state approximation by measurement of the intensity differences, time-resolved
fluorescence, Forster resonance energy transfer (FRET) and other techniques that can

provide information about micro-environment and structure of the molecules [5, 7, 8].

The first glucose biosensor was proposed in 1962 by Clark and Lyons [13] using Glucose
Oxidase (GOx) entrapped over an oxygen electrode with a dialysis membrane. In 1975
the first available commercial glucose sensor was launched by Yellow Spring
Instruments Inc. [14]. A demonstration of in vivo glucose monitoring was shown in 1982
by Shichiri et al. [15], and a wearable and noninvasive glucose sensor was produced by

Cygnus Inc. in 2000 [16].

In December 2011 Microsoft Research revealed that they were working on making
noninvasive glucose sensing contact lenses [17], on which an article was published [18].
Three years later Google started working on a similar project [19]. The fact that two
multi-billion companies like Microsoft and Google invests time and money into
noninvasive glucose sensors is proof of how important this field of research is, and that

noninvasive sensors are the future.

The fact that a company can profit from putting up a commercial for a glucose sensor in
the middle of Oslo, as seen in Figure 1, is yet another proof of the importance of glucose

SENSors.
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Figure 1: A commercial seen in a central part of Oslo for a glucose sensor (11.09.2012). It reads:

“FreeStyle Lite - The glow-in-the-dark blood sugar meter”.

1.2 Fluorescence; history and applications

Fluorescence is a phenomenon first observed by Sir John Fredrich William Herschel in
1845 [20]. Further observations were done by Gabriel George Stokes in 1852 [21]. They
both observed fluorescence from a quinine solution. Stokes saw that light was emitted

from the solution when shone upon by the sun through a church window. The church



window was blue and acted as a excitation filter that transmitted light with wavelengths
under 400 nm. He then saw that the light from the quinine solution was also visible
through a yellow glass of wine which was his primitive emission filter that transmitted
light with wavelengths above 400 nm. Stokes understood that the light had changed
some characteristics, although which were not known at the time [8]. The first to
describe what occurred was Professor Alexander Jablonski, who is regarded as the
father of fluorescence spectroscopy [8]. In 1933 he presented the first Jablonski diagram
seen in Figure 2 in a short paper [22], which was further elaborated on in a paper from

1935 [23].
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Krg. 1.—Energy levels in a phosphorescent molecule.
a-absorption, b-fluorescence, e-transition to metastable level,

d-thermal excitation, eand f—pho\phoresccnce g-absorption of
very small tranxxtlon probability.

Figure 2: The first published Jablonski diagram from [22] with the original figure text.

Fluorescence has since had many applications: emergency markers for finding people
lost at sea, commercially available lamps, in forensics, biochemistry, many different
kinds of optical sensors and labeling [8, 24, 25]. The sensitivity and specificity of which
fluorescence can be detected has developed to the point where it is possible to measure

fluorescence of single molecules, as described by Tan [9] and Weiss [12].
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1.3 The sol-gel process

Already in 1846 Ebelmen published a paper on silica gels [26], however the drying times
were one year or longer, making them tedious to work with. The silica gel was again
investigated from the late 1800s through the 1920s [27], but no deep understanding of
the physical-chemical principles was achieved. Then 50 years ago the use of
immobilized enzymes ventured from the laboratory and into industry [28]. The reasons
for this were many: highly specific and reversible reactions, temperature ranges of 4-60
°C and the conditions reactions occurs under are not as harsh as other chemical
reactions. Enzymes can be encapsulated in an array of methods, however inorganic
materials are favorable. This is because inorganic materials do not change morphology
based on pH and solvent conditions and they are resistant from biological attacks from
contaminations like bacteria. Other advantages are that the inorganic materials can be
prepared in many different ways and the pore diameters of the inorganic support can be

greatly varied [28-31].

The two most used starting silicate precursors are tetramethoxy orthosilicate (TMOS)
and tetraethyl orthosilicate (TEOS), are easily available and cheap [29, 30, 32-34].
However there are some disadvantages with TMOS and TEOS. One of the main
drawbacks is that the hydrolysis of TMOS and TEOS release methanol and ethanol,
respectively [27, 32, 34]. The release of alcohol can decrease the activity of enzymes, and
in the worst consequence denature the protein [35-40]. When the gel dries, shrinking
occurs, and this can hinder the enzyme activity greatly [37], still the shrinking can also
lead to a framework that holds the enzyme in its active state, an keeps it from unfolding
[35]. TMOS and TEOS hydrolysis and condensation is usually either acid or base
catalyzed [41]. Strong acids and bases can significantly alter the function of proteins
[42], and this is of course not desired. An example of what can happen to enzyme
activity after immobilization in TMOS can be read in a paper from 1999 by Badji¢ and
Kosti¢ [43], where they report that only 1-2 % of enzyme activity was retained. There
are also examples of encapsulation of GOx in both TMOS [44-46] and TEOS [33], which

gave better results. These will be discussed later.
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The need for sol-gels that could immobilize biomolecules, lead to the use of
“biocompatible sol-gel substrates” such as Poly(glyceryl silicate) (PGS), Diglyceryl silane
(DGS), SS (sodium silicate). These are water soluble, and hydrolyze and condensate
quickly in water without any catalyst at low temperatures and mild pH-values [32, 37,

40, 47, 48].

The first structure of DGS, and an example of hydrolysis, seen in Figure 3, was proposed
in an article by Brook et al. [36] in 2004, the same year their patent for polyol-modified
silanes was granted [39]. In a paper by Vanderkooy and Brook [49], DGS was described
as a mixture of 5,6 ringed isomers with stoichiometric formula Si(glycerol)..

The following enzymes have been successfully encapsulated in a DGS based sol-gel
matrix: Factor Xa [36, 38], dihydrofolate reductase [38, 50], cyclooxygenase-2 [38], y-
glutamyl transpeptidase [38], human serum albumin [40, 51] maltose binding protein
[52], horseradish peroxidase [53], firefly luciferase [54] and tyrosine kinase [55]. High
enzyme activity retained [38, 40, 55], long-term stability [36, 38, 40], reduced shrinkage
[36, 54, 56] and increased thermal stability [40] is reported for DGS based matrices
compared to TEOS derived matrices. Of all the biomolecules immobilized in DGS, only
DNAzymes were reported [57] to have better activity in a TMOS based matrix, however
the DNAzymes were used for metal ion detection, which is quite different from detection
of glucose. Many reports have been made on the advantages of sugar modified silanes as
precursors for enzyme immobilization matrices [34, 40, 53-56, 58]. Mostly
Gluconamidylsilane (GLS) is used together with DGS to give even better results than the
DGS did by itself.

12
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Figure 3: The first proposed structure for DGS by Brook et al. [36]. Here the reaction to obtain DGS is

showed together with possible substructures, hydrolysis and condensation to glass.

Alow reaction temperature is of course important when working with fragile
biomolecules like enzymes. Transparency and homogeneity is important when working
with light. By using the sol-gel process a clear, homogenous film can be produced at low
temperatures [27, 29, 30]. To optimize the biocompatibility of the sol-gel matrix,
changes in pH and the release of alcohols should be reduced. This can be achieved by

using DGS as the precursor for the sol-gel matrix [34, 36].

1.4 GOx, and its use in glucose sensors

Since its discovery in 1928 by Miiller [59], GOx has become the most used enzyme for
analytical purposes [60]. In a paper by Bentley and Neuberger from 1949 [61] the

reaction seen in Figure 4 was presented.

CeH1506 + O4 + H,0 = CgH,,0, + H,0,
Figure 4: Simple reaction oxidation of glucose by glucose oxidase from Bentley and Neuberger [61].
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This reaction, although correct, is not very descriptive. A more complex version can be
seen in Figure 5, which will be used to explain the different sensing methods used today.
GOx has two tightly bound flavin adenine dinucleotide (FAD) molecules, which are

reduced in the oxidization of B-D-glucose.

B-D-glucose D-glucono-d-lactone Gluconic acid
CH,OH CH,0H CH,OH
H f—0O OH H /—0 H OH
H H H
OH H OH H o OH H CooH
OH " OH ~ o 4‘
H OH \ / H OH H OH
/ \ H,0
FAD FADH2
H202 02

Figure 5: A more complete reaction for oxidation of B-p-glucose in GOX. As seen oxygen, water and
glucose is used, and hydrogen peroxide and gluconic acid is produced. FAD and FADH: concentrations

depend on the concentrations of other reactants and products.

As seen in Figure 5 oxygen is consumed in the reaction to oxidize FADH; to FAD. There
are many glucose sensors based on the detection of changes in oxygen concentration
[62-69]. H20; is a product of the re-oxidization of FADH, and many sensors measure
H>0: to determine glucose concentrations [70-76]. Some use the change in pH or
gluconic acid concentration that occurs when glucose is oxidized [77-82]. Most glucose
sensors are amperometric [83], and many of them utilize GOx [84-90]. Some other
electrochemical sensors use GOx immobilized in a sol-gel matrix [91-93]. The
electrochemical sensors measure the change in current and potential during the

oxidization of glucose [94].
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1.4.1 Using GOx fluorescence to measure glucose concentrations

A different way of using GOx to measure the [3-D-glucose concentration is its intrinsic
fluorescence [6]. There is no doubt that the tryptophan residues in GOx inhibits
fluorescence [42, 95, 96], however there has been some debate concerning FAD and its
fluorescent properties [33, 97]. Some claim both the reduced and oxidized form of FAD
show fluorescence in solution [98], but no fluorescence from FAD bound to GOx is
measurable [95, 96, 98]. A guess that two different types of apoenzyme exist, one that is
fluorescent and one that is not, has been made [99]. Others write that both forms of FAD
inhibit fluorescence in GOx [5, 33, 100]. When glucose is present in the solution some
claim the intensity of fluorescence increases [101, 102], and some that it decreases [103,
104]. When GOx is immobilized in a silica gel and glucose is present some write the

intensity of fluorescence rises [45], and some that is drops [101, 105].

In 1989 Trettnak and Wolfbeis [102] reported the first optical glucose sensor using the
intrinsic fluorescence of GOx, with excitation at 450 nm and measurement > 500 nm.
They had trapped a GOx solution between a dialysis membrane and Plexiglas which the
excitation and emission light could travel through. Both UV light [106, 107] and visible
light [11, 97] can be used to excite FAD. Sierra et al. used labeled GOx [96] to get higher
intensities while avoid using UV light. Chudobova et al. have reported [11] bubbling with
N2 (g) to get a lower detection limit. In Table 1 some different results on range of

fluorescence measurements on GOx are provided.

Table 1: Ranges for some glucose sensors in different matrices using fluorescence. *Dependent on

concentration of dissolved oxygen, which was regulated from 0.1-100 % to achieve the result shown.

UV or VIS Range Matrix Reference
uv 0.5-20 mM In solution [106]

uv 0-1 mM In solution [107]

uv 0-20 mM Gelatine [107]

VIS 2-10 mM Nylon net [11]

VIS 1-8 mM Gelatine [97]

VIS 1-5 mM Agarose [97]

VIS 0.05-0.5 mM In solution [97]

15




VIS 0.009-100 mM* TEOS/hydroxyethyl | [108]
carboxymethyl
cellulose
UV (fiber optic) 0-5 mM TMOS [45]
VIS (fiber optic) 0-20 mM TMOS [45]
VIS (time- 0.4-5 mM TMOS [46]
resolved)
VIS (fluorescent 0.6-5.6 mM TMOS [44]

dyes)

Already in 2014 18 articles [70-72, 109-123] have been published on “Optical glucose

sensors”, however only one [72] utilize GOx, but is based on H20;-detection, and does

not use the intrinsic fluorescence of GOx.

1.5 Aim of this work

The aim of this work was to develop an optical biosensor for glucose using the intrinsic

fluorescence of GOx. The enzyme was to be immobilized in a silica matrix and

comparisons to the enzyme in solution, with regards to fluorescence intensity, were to

be made. Another part of this work was the evaluation of a new and more biocompatible

silane for the encapsulation of GOx.
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2 Theoretical background

2.1 Fluorescence

The absorption and luminescence of light from a substance can be illustrated in a
Jablonski diagram, seen in Figure 6. Fluorescence is the emission of light from a
substance. It can occur after a substance has absorbed light, and an electron is excited to
an energetically higher state. The electron returns to ground state and emits a photon,

this is called fluorescence [8].
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Figure 6: Jablonski diagram from Skoog et al. [124]. To the left absorption can be seen, on the top

internal conversion and vibrational relaxation is seen, and in the middle fluorescence is seen.

The excitation of electrons happens within 10-15> seconds. At what light energy
absorption happens is depended on the substance in question. The energy has to be
equal to the energy needed to excite an electron. The electron can be exited to a range of

different vibrational levels in different electronic states. So is the notation for ground
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state and the higher electronic states are denoted S1, Sz and so forth. Usually the electron
quickly (10-12 seconds) relax to the lowest vibrational level of S; by vibrational
relaxation and possibly internal conversion. The fluorescence lifetimes are generally
close to 10-8 seconds. The excited electron is not stable, and returns to So with the
possibility of emitting a photon (fluorescence). Internal and external conversion, where
the molecule only release heat is also a possible route for returning to ground state.
After emission of a photon the electron commonly returns to a higher vibrational state
of the ground state, before it quickly (10-1? seconds) relaxes to the lowest vibrational

state of the ground state.

Because the electron usually undergoes vibrational relaxation between absorption and
fluorescence, the energy of the emitted light is lower than that of the absorbed light. This
is called the Stokes shift. Since the emission usually occurs to a higher vibrational

ground state, the emission spectrum is often a mirror image of the absorption spectrum.

During the fluorescence lifetime quenching can occur, this is a collective term for all
factors that decrease the intensity of fluorescence. Quenching results in heat being given

off instead of a photon.

At low temperatures the relaxation to the lowest vibrational level of S1 can be much
slower than at room temperature. If the electrons return to ground state before
relaxation to S1 is complete, a blue shift of the emission peak will be seen [8]. It is

therefore important to have control of temperature when measuring fluorescence.

Raman scattering is an inelastic scattering of a photon. The photon loses some of its
energy, and scatters from the sample with a higher wavelength. For a water sample the

wavenumber difference is 3600 cm1.

2.1.1 How the spectrofluorometer works

A typical spectrofluorometer is shown in Figure 7. Note that this is not the exact

spectrofluorometer used for this work.
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Figure 7: A general overview of a spectrofluorometer from Skoog et al. [124].

A xenon lamp emits light which is passed through a lens and an excitation
monochromator which sends through light of a determined wavelength, or scans
through different wavelengths at a given scan rate. The monochromatic light then passes
through a excitation slit, a lens, and a beam splitter, which splits the light into a
reference part of the instrument and the sample compartment. Notice that the detection
of light from the sample compartment does not occur at 180°, but at 90°, allowing
fluorescence and not absorbance to be measured. The light emitted from the sample
passes through an emission slit and an emission monochromator fixed at a specific
wavelength or scanning over multiple wavelengths. The monochromatic light is
amplified and detected by a photomultiplier tube. In some spectrofluorometers, like the
one used, there are also excitation and emission filters. Even though the monochromator
is supposed to send out only one wavelength at a time, there are some common errors,

like second-order transmission, which allows wavelengths half as long as the wanted
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wavelength to pass. Excitation and/or emission filters can be used to remove unwanted

wavelengths transmitted through the monochromator.

2.2 GOx and oxidization of B-D-glucose

GOx is a homodimer, each subunit weighing from 65 to 160 kDa, depending on the
amount of glycosylation [125, 126]. The GOx used for this work had a total weight of 160
kDa. Each subunit has a tightly fixed FAD as seen in Figure 8. The FAD molecule is not
covalently bound to any residues, but kept in place by a 31-residue lid [46].

Figure 8: GOx and its tightly bound FAD. One subunit in green, and one in red. The FAD molecules are
blue.

Alpha helices, beta sheets and random coils together with glucose in the active site in

close proximity to FAD can be seen in Figure 9.
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Figure 9: GOx, one gray subunit and one with red alpha helices, yellow beta sheets and green random

coils. The cyan molecule seen in the active seat is -D-glucose, and the blue molecule is FAD.

GOx catalyzes the reaction from 3-D-glucose and oxygen to D-glucono-8-lactone and
hydrogen peroxide, utilizing the prosthetic group FAD. During the oxidation of glucose,
FAD is reduced to FADH;, and oxidized back to FAD under the presence of oxygen. The
re-oxidization of FADH; produce H202. D-glucono-6-lactone reacts with water to form
gluconic acid. All reactions mentioned above can be seen in Figure 5. If catalase is

present in the enzyme solution, it can catalyze the reaction from H202 to O and H:20.

The C1 carbon of glucose places itself between His516 and His559 as seen in Figure 10.
The two histidines help stabilize the transition state between [3-D-glucose and bD-
glucono-8-lactone in the active seat [127]. His516 is central for the oxidization of
glucose to take place [128], as it preserves the dipolar links of the active site. Molecular

oxygen acts as the electron acceptor.
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Figure 10: B-p-glucose (green carbons and yellow oxygens) in the active seat of GOx, FAD (blue), and
histidines (red), 516 (right) and 559 (left)

The intrinsic fluorescence of GOx stems from tryptophan, tyrosine, phenylalanine and
FAD. The amino acids absorb at 257 nm (phenylalanine), 274 nm (tyrosine) and 280 nm
(tryptophan). Phenylalanine, tyrosine and tryptophan emit fluorescence at 282, 303 and
348 nm respectively. FAD absorbs with four peaks at 206, 275, 375 and 460 nm, and has
an emission maxima around 520 nm [96]. FRET from tryptophan to FAD has been

reported [95].

When FAD is in solution the isoalloxazine and adenine rings interact through a stacked
confirmation both ground state and excited state [46, 129], this is also true when FAD is
bound to GOx [101]. These two forms of FAD have different fluorescent properties, but
can interchange in both ground state and excited state. Both species can absorb and emit
light, but they have different lifetimes; ~2.8 ns for the open conformation and ~4 ps for
the stacked conformation. In open form the FAD molecules are buried deep within each
subunit [130], and the aromatic amino acids surrounding FAD quench the fluorescence
strongly [99]. Unfolding of GOx leads to the release of FAD, and a immense increase in
fluorescence is seen [99]. The addition of ethanol (EtOH) to the enzyme solution has also

been reported to denature GOx, and increase the intensity of fluorescence [33]
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The activity of an enzyme signifies at what rate it can catalyze the enzyme specific
reaction. Activity is often measured in U/g (units per gram). One unit of GOx, will oxidize

1 umole of B-D-glucose per minute at given pH and temperature [131].

2.3 Sol-gel process

TMOS and other orthosilicates in water can undergo hydrolysis, condensation, aging and
drying to form sol-gel matrices [27]. Many of the reactions occurs simultaneously [132],
and not as stepwise as it might seem in this explanation.

Hydrolysis and condensation for TMOS is seen in Figure 11.

OCHj4 Hydrolysis OCHj4
H;CO—S8i—OCH; + H20 ‘——; HsCO—Si—OH + CHsOH

OCHjs Estrification OCH,

OH OCHjg Condensation OH OCH,4

HO—Si—OH + HO—Si—OH ~—— HO—Si—O0—Si—OH + H20

Hydrolysis
OCHg OH yaroly OCHj, OH

Figure 11: Hydrolysis, esterification and condensation of alkoxy silanes, here demonstrated with

TMOS.

The reaction is usually either acid or base catalyzed. If not, the hydrolysis is usually very
slow [27]. The water/silane-ratio is also important for the rate of hydrolysis [41]. A
water/silane-ratio of 2 is theoretically enough to complete hydrolysis [41], but higher

ratios lead to a higher rate of hydrolysis.

The size of the alkoxy group is of great importance for the condensation reaction rate
because it can have a steric hindrance effect. The larger the alkoxy group, the slower the
hydrolysis [132]. If the water/silane-ratio is large the concentration of Si(OH)4 is low

after hydrolysis, which cause a slow condensation [41].
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After some polycondensation a structure like the one seen in Figure 12 is obtained. This

is a simplification as not all of the oxygen atoms are protonated, except in a strong acid.

HO

OH OH
HO Si O S|i OH
OH O (|)H
S|i O Si OH
(|)H O OH OH
HO Si O S|i ) S!i OH
OH (|)H C|)H

Figure 12: An example of a fully hydrolyzed and polycondensed TMOS.

The rate at which this reaction occurs depends on pH, the concentration of water and

orthosilicate. A sol is formed, and the viscosity of the mixture increases. After some time

a three dimensional network will be formed, when this happens the viscosity increases

abruptly. It is now possible to see that the long-term product of the polycondensation

will be a glass-like material (SiO2). After the gel is solid aging is important. During aging

the now solid gel is to allow the condensation to continue, and let the sol-gel based solid

build strength to withstand the drying. Shrinking can be observed in the aging phase

because polycondensation pulls the structure closed together [133].

After an appropriate time the solid is removed from the liquid and drying starts. The

liquid inside the porous solid will now be removed, this can cause great capillary stress,

and the solid can crack violently if the aging time was not adequate.

Further steps can be taken to make the solid stronger and more stable, however these

involve heating the sol-gel based solid to temperatures that are not suitable for enzymes

[133].
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For DGS the sol-gel process is much the same, but both the hydrolysis and condensation

can occur quickly without the presence of acids or bases [36].

25



3 Experimental

3.1 Chemicals

Chemical Purchased from | CAS number Purity/composition
D-(+)-Glucose Sigma-Aldrich 50-99-7 299,5 %
GOx (E.C. 1.1.3.4) Sigma-Aldrich 9001-37-0 Protein, 65-85 %
50kU 123,900 U/g
GOx (E.C. 1.1.3.4) Sigma-Aldrich 9001-37-0 Protein, 65-85 %
50kU 147,900 U/g
GOx (E.C. 1.1.3.4) Sigma-Aldrich 9001-37-0 Protein, 65-85 %
50kU 228,253 U/g
TMOS Sigma-Aldrich 681-84-5 299 %
TEOS ABCR GmbH & Co. | 78-10-4 99 %
KG
HCl KeboLab 94-12-29 37%
NaOH AzkoNobel 1310-73-2 97-98 %
Fluorescein Sigma-Aldrich 2321-07-5 299 %
Glycerol VWR 56-81-5 >99.7 %
international
Triton® X-100 Sigma-Aldrich 9002-93-1 > 95 % (Laboratory

Grade)

PBS-powder Sigma-Aldrich Product Number: BioPerformance
P5368 Certified
H20 - - Double distilled

3.2 Measurements of fluorescence in solutions

Measurements of emission and excitation in solutions were done using a Varian Cary

Eclipse Fluorescence Spectrophotometer with the software Cary Eclipse Scan

Application v.1.1 (2002) which was always turned on at least 60 minutes before
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measurements took place. The cuvette used was a Hellma precision-quartz cuvette, type

SUPRASIL 101-QS with a path length of 1.000 cm.

In excitation experiments the setup seen in Table 2 was used. Excitation spectra were

obtained by measuring the emission at a fixed wavelength while the excitation

monochromator scanned through a range of wavelengths. So light of different

wavelengths in turn illuminated the sample while the emission from the sample was

measured at a fixed wavelength. For emission spectra the setup seen in Table 3 was

used. For emission spectra the following was done; The excitation monochromator was

fixed at a wavelength while the emission monochromator allowed an array of

wavelengths through. Further details on spectrofluorometer settings can be seen in

Appendix A.

Table 2: Settings for the spectrofluorometer for excitation experiments

What Setting/Value
Software Scan

Scan mode Excitation
Emission wavelength 530 nm

Start wavelength for emission 250 nm

Stop wavelength for emission 520 nm

Table 3: Settings for the spectrofluorometer for emission experiments

What Setting/Value
Software Scan

Scan mode Emission
Excitation wavelength 450 nm

Start wavelength for emission 480 nm

Stop wavelength for emission 600 nm

A java program for more efficiently process the data from experiments done with the

spectrofluorometer was written. The reason for writing this program was that it was

very time consuming to import all the data from the experiments into Excel, remove all

the unnecessary values, find the average of the remaining data and subtract the zero
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sample. This process also allowed for big errors, and a lot of annoyance. The program
named “CSVXLS” reads .csv-files, finds the average of all the relevant data, asks if the
user want values from a zero sample to be subtracted and writes the results to .txt-files.
These .txt-files can then easily be imported into Excel to draw graphs or further analyze

the data. The Java-code and other details on this program can be seen in Appendix C.

3.2.1 Calibration of temperature and time

To find the time it took for a solution to reach room temperature, which was 22.7 °C,
from 0 °C, a temperature and time experiment was carried out. Four plastic vials
containing 10 mL H20 each were placed in an ice bath until the temperature was close to
0 °C, and then placed on the lab counter. The temperature was measured in consequent

solutions every minute until the temperature was close to room temperature.

3.2.2 Making solutions for measurements

All GOx and glucose solutions were prepared the same day as the measurements took
place. GOx, glucose and PBS solutions were all kept at 0-4 °C until the final hour before

measurement, when they were left in room temperature.

GOx and glucose solutions were made by weighing out a specific amount of the
enzyme/glucose with a Mettler AE200 Analytical Balance and dissolve it in a given
amount of premade phosphate buffered saline (PBS) solution. One bag of PBS-powder
made 1 L 0.01 M PBS, with pH 7.4 at 25 °C. To stir the solutions and measure
temperatures a RCT IKAMAG® safety control with VT-5 S40 contact thermometer was
used. When measurements were done with more than one concentration of glucose, one
stock solution was made and the other concentrations diluted from that one. Pipettes
used were VWR® Single-Channel, Ultra High-Performance Pipette with a range of 100-
1000 pL and Eppendorf Research® with a range of 10-100 pL. It should be noted that
the GOx containers bought contained 65-85 % protein. A composition of 75 % has been

used for all calculations of concentration.
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The mixing time for GOx-solutions and glucose solutions before measurements was
between 40 seconds and 2 minutes for different experiments, but was kept constant for

each separate measurement series.

3.2.3 Controlling the signal drift

The spectrofluorometer was tested for signal drift by using four identical PBS-solutions
and four identical GOx-solutions in plastic vials. Determination of the signal drift was
done by measuring the emission intensity at 530 nm, while the sample was excited at
450 nm. The solutions were treated similarly, but with some hours between the

measurement of first and last sample, see Table 4 for details.

Table 4: Treatment of the solutions used for signal drift testing.

Solution and order of Time the solution was in | Time after last
experiments room temperature before | measurement
the measurement was
done
PBS 1h 21 min -
GOx solution 1 h 20 min 30 min
GOx solution 1 h 26 min 36 min
PBS 1h 10 min 14 min
GOx solution 56 min 86 min (two other
experiments were done in
between)
PBS 54 min 26 min
GOx solution 1 h 3 min 63 min (two other
experiments were done in
between)
PBS 55 min 22 min
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3.2.4 Experiment on degassing of oxygen in solution

An experiment using nitrogen bubbling to remove oxygen from the solution was
performed. This was done by pouring the appropriate solution in the cuvette and
bubbling N> (g) into it by using frit purging for approximately 5 minutes. After bubbling

the cuvette was quickly put into the spectrofluorometer and measured.

3.2.5 Assessment of background signal

By irradiating PBS in the cuvette at different wavelengths (435, 450 and 465 nm), but

otherwise using the same settings as in Table 3, the background signal was examined.

3.3 In-lab-test of fluorescence

To make an in-lab-test of the fluorescence from GOx and fluorescein an Arduino UNO
single-board microcontroller was used to make a RGB-light emitting diode (LED) emit
light to mimic 450 nm. This was done by using the Macintosh built-in App “Digital Color
Meter” V.4.4. and the spectrum in Figure 13 to determine the RGB-values for 450 nm.

See Appendix D for programming of the RGB-LED.

360 370 380 390 400 410 420 430 440 450 460 470 480 490 500 510 520 530 540 550 560 570 580 590 600 610 620 630 640 650 660 670 680 690 700 710 720 730 740

Figure 13: The visible spectrum used to find the RGB values of 450 nm [134].

In Figure 14 the Arduino UNO R3 can be seen with the breadboard, 330 ohm resistors,
jumper wires and the RGB-LED (YSL-R596CR3G4B5C-C10) mimicking 450 nm. All parts
are from “SparkFun Inventor's Kit for Arduino V3”. The red wire is connected to the red
pin, the blue wire to the blue pin, and the white to the green pin of the RGB-LED. The
black wire is connected to ground. The USB seen leaving the picture at the left side is

connected to a computer, and can also be connected to another power source.
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ARDUINO

Figure 14: The Arduino with all the wiring done to make the RGB-LED emit light mimicking 450 nm.

3.4 Microcopy

All microscopy was done using an Olympus BX51TF microscope with PixeLINK
Megapixel FireWire Camera Model PI-A662. It was used with the software Linksys32 V.
1.6.1. All scales seen in the bottom right of the pictures were made by using the

software’s measurement function.

3.5 Synthesis and analysis of DGS

3.5.1 Synthesis of DGS

Using the recipe from Brook et al. [39], DGS was produced by weighing out 20.8 g (0.1
mole) TEOS and 18.5 g (0.2 mole) glycerol on a Mettler AE200 Analytical Balance, and

stirring them in a round-bottomed flask placed in an oil bath. The oil bath was heated on
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a Heidolph MR 3001 K with the temperature feedback probe set at 130 °C. The round-
bottomed flask was fitted with a reflux condenser and a drying tube. After 43 hours a
short path distillation head was fitted on the round-bottomed flask and EtOH was
distilled of (a nuclear magnetic resonance (NMR)-spectrum was taken of the byproduct)
while the oil bath still held 130 °C. After 1 h and 25 min traces of EtOH were evaporated
in a Townson + Mercer (Altincham England) vacuum oven with the vacuum pump
Speedivac ED 35 at around 140 °C for 2 h and 20 min. The flask was removed, the
product was crushed, transferred to another glass container and placed in a desiccator

under reduced pressure.

3.5.2 Analysis of DGS

Solid state NMR was done on a Ultra shield Bruker 500 WB Plus with Avance III
apparatus, with an operation frequency of 500 MHz. The software used was Topspin
v.3.0. Theoretical spectra were made in MestReNova BETA. Liquid state NMR was done
on Bruker DPX 200, and Bruker AVII 400 instruments, controlled with Topspin 1.3 and
Topspin 2.1 respectively. Infrared spectroscopy of DGS was done on a Bruker IFS 66v/S

spectrometer. Mass spectrometry of DGS was done on a Bruker Apex 47e instrument.

3.6 Sol-gel derived thin-films

Cover glasses @ 15 mm, thickness No. 1 purchased from Menzel GmbH & Co KG, cover
glasses @# 13 mm, Borosilicate glass thickness No. 1 purchased from VWR international
and a 96 well polystyrene cell culture plate array from Greiner bio-one was used to

apply the sol-gel based film on/in.

3.6.1 Experimental design with sol-gel derived films based on TMOS

Experimental design was used to determine what the best way of making TMOS based
films was, using a modified version of the recipe from Portaccio et al. [45]. In Table 5 the
different experiments and the variables examined can be seen, and in Table 6 the

amounts used for all experiments can be seen. The three factors used to decide which
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matrix was best were: transparency, cracks and other problems. All films got a score

from zero (worst) to five (best).

Table 5: Treatment table used in experimental design, the films either contained acid or base,

included Triton® X-100 or not, and was applied on glass or polystyrene.

Experiment number | Catalyst Triton® X-100 | Applied on
1 Acid With Glass
2 Acid With Polystyrene
3 Acid Without Glass
4 Acid Without Polystyrene
5 Base With Glass
6 Base With Polystyrene
7 Base Without Glass
8 Base Without Polystyrene

Table 6: Amounts and concentrations for the experimental design.

Chemical Amount
TMOS 516.7 uL
H20 150 pL
Triton® X-100 30 uL
HCI (40 mM) 10 pL
NaOH (40 mM) 10 pL

3.6.2 The recipe used for TMOS based films

The substances in Table 7 were weighed out using a Mettler AE200 Analytical Balance or
pipetted out using VWR® Single-Channel, Ultra High-Performance Pipette with a range
of 100-1000 pL and Eppendorf Research® with a range of 10-100 pL and stirred for 1
hour in an ice bath on a RCT IKAMAG® safety control. The mixture was then stirred with
PBS 1:1 (v/v), for 5 minutes before the sol was applied onto glass plates or into wells in

the plate array.

Table 7: Modified sol-gel recipe using TMOS from Portaccio et al. [45]
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Chemical Weight/Volume
TMOS 2000 pL

H20 600 pL

HCI (40 mM) 40 pL
Triton-X-100 0.1376 g

3.6.3 Making sol-gel films with DGS

A recipe patented by Brook et al. [36] was used to make sol-gel derived films with DGS.
See Table 8 for the substances weighed using a Mettler AE200 Analytical Balance or
pipetted out using VWR® Single-Channel, Ultra High-Performance Pipette with a range
of 100-1000 pL.

Table 8: Recipe for sol-gel films with DGS from [36].

Chemical Amount
DGS 0.20¢g
H20 600 pL

DGS was sonicated with ice-cold ddH-0, in a Brandson 3510 ultrasonic bath at 0 °C for
10 minutes. When the DGS was dissolved, the mixture was filtered and stirred with PBS
1:1 (v/v) for 5 minutes. The sol was then applied onto glass plates or into the wells of
the plate array. The PBS-solution contained different concentrations of GOx or

Fluorescein. A Sartorius M-pact AX2202 weight was used to weigh fluorescein.

3.7 Experimental setup with optical fibers

The 3D printer used was a 3D Touch BFB-3000 Plus. Figures were drawn in SketchUp
Make V.13.0.4811, and converted using Axon 2 V.2.1.0.

The experimental setup used to measure fluorescence in sol-gel plates can be seen in

Figure 15, and a setup for plate array with a groove plate as can be seen in Appendix H.
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The reflection probe QR200-REF-UV-VIS with reference leg from Ocean Optics was used

to measure the fluorescence in the 96 well polystyrene cell culture plate array from

Greiner bio-one. The probe contains six illumination fibers around one read fiber, and all

fibers have a core diameter of 200 pm. An optical fiber of the type F600-UV /VIS-SR was

used between the xenon lamp from Avantes named AvaLight-Xe and the emission filter,

which was a band pass filter from Semrock with part number: FF01-448/20. An optical

fiber of the type FC-UV/NIR200-2 was used between the excitation filter; a long pass

filter from Semrock with part number: FF01-496/LP, and the Avantes

spectrophotometer, AvaSpec-2048-USB2. Both filter holders were Avantes FH-INL (In-

Line Filter Holder), and the power supply for the light source and spectrophotometer

passed through an UPS of make Cyperpower BR850ELCD. All this equipment was placed

on an optical table. The software used was Avasoft 7.3.1 with the settings seen in Table

9.
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Figure 15: Setup for measurements with optical fibers. The probe has six illumination fibers, but the

light from only two can be seen in this figure. The arrows indicate light direction and what

wavelengths of light travels trough the specific part of the fiber.

Table 9: Settings in the Avasoft software.
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What Setting/Value

Average of 1 scan
Integration time 10 000 ms
Number of flashes 1000 flashes

10 spectra were recorded for each sample, and the average was calculated in Microsoft
Excel. The setting used gives the maximum number of flashes per second for the Xe-

lamp used, which is 100 Hz.

The optimal distance from the probe to the sample was located using 1 mM fluorescein
immobilized in a DGS-matrix. Avasoft was running with the settings seen in Table 10.
The probe was moved closer and further away from the plate array until the maximum
intensity was discovered. Then the probe was secured at that position. Then both the
excitation and emission filter houses were adjusted so that the maximum intensity was

seen.

Table 10: Settings in the Avasoft software for optimizing the distance between the probe and plate

array.
What Setting/Value
Average of 1 scan
Integration time 1000 ms
Number of flashes 100 flashes

To measure the fluorescence, first the probe was placed under a well with a DGS derived
film, the light from the xenon lamp was switched off, and the whole setup was covered
so no light entered from above. The value obtained from this setup was saved as a dark
reference. Then measurements were performed, and the plate array was moved around
to measure in all the appropriate wells, with the dark values automatically subtracted
from the intensities measured. After all the wells with GOx were measured, PBS was
placed in one well with GOx immobilized in DGS and measured. Then different glucose

concentrations were placed in the other GOx-DGS wells and measured.
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4 Results and discussion

4.1 Measurements of fluorescence in solutions

Before attempting to make an optical biosensor with GOx immobilized in a sol-gel
matrix, some preliminary testing had to be done. The first test was to check how long a
solution at 0 °C took to reach room temperature. The second important test was to see if
GOx inhibited an intrinsic fluorescence, if it is possible to use the reported excitation
maxima at 450 nm, and whether the intensity of the fluorescence of GOx increased or
decreased when oxidizing $-D-glucose, since this has been a matter of debate in the

literature.

Shown in Figure 16 are the results of the temperature and time experiment. The

solutions started at 0 °C and approached room temperature (22.7 °C).
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Figure 16: The time it took for 10 mL H;0 to reach room temperature in a plastic vial.

The first of the plastic vial was placed on the magnetic stirrer, which held a lower
temperature than the lab counter, so the first four measurement points in the graph in
Figure 16 can be disregarded. It was determined from the graph that 60 minutes in

room temperature was a sufficient time to stabilize the temperature in the solutions.
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This result was used for all measurements done in solutions with the
spectrofluorometer, as they were all left out for 60 minutes before they were mixed and
measured. One reason for letting the temperature increase from 0 °C was the
temperature dependency of fluorescence written about in the theoretical background.
The reason for keeping the solutions at 0 °C in the first place is to hinder denaturation of

the enzyme.

The solutions were mixed a given time before the measurements took place. This was so
that the solutions could become homogenous, and an equilibrium could be reached.
The specific mixing time changed somewhat during the two years of study, but was kept

between 40 seconds and 2 minutes.

As seen in Figure 17 the enzyme shows fluorescence at 530 nm with varying intensities
when excited at wavelengths from 250 nm to 520 nm. FAD and FADH; tightly bound to
GOx display a clear difference in excitation intensities. 530 nm was chosen as the

wavelength to examine excitation because of many reports on wavelengths around 530

nm being effective [46, 97,101, 102].
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Figure 17: Excitation intensity of GOx (536.5 U/mL PBS) without glucose (M) and with 2 mM glucose
(M), measured at 530 nm.

Using the parameters from Table 2, or the detailed version in Table 14, Appendix A, the
spectrum in Figure 17 was obtained. A detailed version of this spectrum can be seen in
Appendix B. In Figure 17 it is apparent that the maximum excitation of GOx without
glucose can be achieved at approximately 450 nm, while the maximum excitation of GOx
with glucose can be reached at around 370 nm, when measuring excitation intensity at
530 nm. In other words FAD has an excitation maximum at 450 nm, and FADH> has an
excitation maximum at 370 nm, which is similar to the absorption maxima which Ghisla
etal [98] (355 and 452 nm for “reduced” and “oxidized” GOx respectively) and Sierra et
al. reported (375 and 460 nm for FAD and FADH; in general).

Based on the spectra above a wavelength of 450 nm was chosen to excite the FAD in
GOx. One major reason for choosing 450 nm over 370 nm is that 450 nm is in the visible
part of the electromagnetic spectrum. Many biological substances absorb UV light [5,
106], and when to ultimate goal is to create a glucose sensor for in vivo use [5, 102], this
wavelength did not seem like a logical choice. Another advantage is that one does not

need the cuvettes, optical fibers and other glassware to be made of expensive quartz.
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When measuring the fluorescence while the sample was excited at 450 nm the spectrum
seen in Figure 18 was attained. As seen FAD and FADH; emits light with a single peak at
approximately 530 nm, with a clear difference in intensity. This result indicates that the
intensity of fluorescence is increased when GOx reacted with glucose in solution,
contrary to what Eftink [103] and Yoshimoto et al. [104] reported, but identical to what
Trettnak and Wolfbeis [102] and Harnett et al. [101] reported.
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Figure 18: Emission spectrum of GOx (536.5 U/mL PBS) without glucose (M) and with 2 mM glucose
(M), both in PBS solution. Excitation at 450 nm.

4.1.1 Control of signal drift in the spectrofluorometer

Signal drift in the spectrofluorometer could greatly impede the analysis of the attained
spectra, therefore a test was commissioned. The results for control of signal drift with
zero sample (PBS) and GOx can be seen in Figure 19. Emission intensities at 530 nm,
when the sample was excited at 450 nm were measured. No strong signal drift was
observed, however there might be some weak signal drift between the last two
measurements for both zero sample and GOx. Error bars are present for both lines and
are only around 1 % for each point. The solutions were not out in room temperature the
exact same length before measurement, this can of course also affect the result, but

there is no clear correlation between the time in room temperature before
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measurement and intensity. For the remainder of this work it was assumed that the

spectrofluorometer did not show any signal drift.
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Figure 19: Signal drift control with zero sample (M) (PBS - left axis) and GOx (M) (right axis)
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was measured at 530 nm. Excitation 450 nm.

4.1.2 Degassing of oxygen from solution

Areport [11] has been made on the benefits on degassing oxygen from the GOx solution

by bubbling it with nitrogen to decrease the detection limit. See Figure 20 and Figure 21

for the results for bubbling nitrogen into the cuvette before measuring with the

spectrofluorometer.
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Figure 20: Emission spectrum of zero sample (PBS). Excitation at 450 nm. Untreated zero sample (H)

and zero sample degassed with Nz(g) (H).
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Figure 21: Emission spectrum of GOx (23 U/mL PBS). Excitation at 450 nm. Untreated GOx (M) and
GOx degassed with Nz(g) (H).

[t seems that the intensity of the Raman scattering increased since the difference
between the peak intensities is about 20 %. It must however be mentioned that the
graph for the untreated PBS is an average of 20 scans, whereas the graph for the
nitrogen bubbled PBS is the average of only 2 scans, so the results after N2 (g) bubbling

are not reliable. It is however strange that the intensity of Raman scattering apparently
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change after nitrogen bubbling. If there still were tiny bubbles in the solution at the
measurement time, or dust in the zero sample, this could explain the strange result.
The reason that only two scans were obtained was that it was very hard to control the
rate of which nitrogen was bubbled into the system, as the gas valve was very sensitive.
It was therefore difficult to know it the same amount of nitrogen had been bubbled
through the solutions. The time between degassing the solution and measurement is
important, because the solution after being bubbled with nitrogen is not in equilibrium.
If more scans were to be taken of the degassed PBS and/or GOx solutions, a setup with
the possibility of degassing the sample with high precision while it was measured was
probably needed. Or a sealed system where the nitrogen concentration stayed stable
throughout the measurement. In Figure 21 the nitrogen bubbled GOx appears to have a
slight decrease, however the difference is only about 1 %, which is not greater than the
standard deviation for the GOx measurements. As for the zero sample, the graph for the
degassed GOx is the average of only two measurements. Due to the results and problems
with degassing of the samples, nitrogen bubbling was not looked further into in this

work.

4.1.3 Assessment of background spectrum

The results from the first experiment using the fluorescence spectrophotometer showed
a contorted spectrum, see Figure 34 in Appendix E. The activity of GOx was very low,
only 4.2 U/mL, so it was assumed that something else was sending light into the
detector. A background spectrum of the zero sample was therefore subsequently

subtracted from all the spectra with GOx in PBS.
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Figure 22: Intensity spectrum of zero sample (PBS solution). Excitation with three different

wavelengths: 435 nm (M), 450 nm (M) and 465 nm ().

In a later experiment, the results of which can be seen in Figure 22, it was discovered
that the peak seen around 530 nm in reality is Raman scattering. The spectra captured
before the discovery of Raman scattering are still correct because the background
spectrum was subtracted. In Figure 23, a spectrum of GOx emission with and without
the Raman scattering peak can be seen. It is evident why a background spectrum must
be subtracted. In the spectrum in Figure 23 the peak intensity is around 10 % higher

with the Raman peak than without.
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Figure 23: Emission spectrum of GOx (46.5 U/mL PBS) without subtraction of background spectrum
(M), and with subtraction of background spectrum ().

4.1.4 Linear range for glucose concentration measurements

The linear range of glucose concentration possible to measure with GOx in solution was
to be determined. Many emission spectra were obtained with different glucose
concentrations in GOx solutions with equal activity. The intensities at 530 nm were used
to plot the results seen in Figure 24. A zoomed in version can be seen in Figure 25. It is
clear that the intensity of GOx change when it is oxidizing glucose, however the linear
range was not determined as the glucose concentrations either gave maximum or
minimum intensity. A small increase can possibly be seen between 0 and 0.625 mM
glucose, but it is not clear. If the point at 0.75 is omitted a graph which looks like the one
Lepore et al. [97] reported could be seen. However the standard deviation for this point

is only 0.17 arbitrary units, so it seems it can not be removed.
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Figure 24: Emission intensity at 530 nm for GOx (856 U/mL PBS) with different concentrations of

glucose.
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Figure 25: Emission intensity at 530 nm for GOx (856 U/mL PBS) with different concentrations of

glucose, zoomed in version.
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4.1.5 In-lab-test of fluorescence

To make an in-lab-test of fluorescence an Arduino microcontroller was used. The RGB
values determined by “Digital Color Meter” were: Red = 54, Green = 80 and Blue = 137.
The led was used to excite a 2 mM fluorescein solution in Figure 26. The green light seen

around the light from the LED and at the meniscus is fluorescence.

Figure 26: In-lab-test of fluorescence using an RGB-LED to excite a 2 mM fluorescein solution.

The in-lab-test worked for fluorescein, for GOx however the led and/or the fluorescence

from GOx was to weak to be seen with the human eye.

4.2 Glucose sensing with immobilized GOx

4.2.1 Experimental design with sol-gel derived films based on TMOS

To determine the best way to make a TMOS based immobilization matrix experimental
design was used. The results indicated that acid was a better catalyst than base when

wanting a transparent film, as previously reported by Portaccio et al. [45], and that base
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is a better catalyst when whole films are wanted. The results also indicate that the
addition of Triton ® X-100 does not affect transparency, but if the sol-gel is applied onto
glass plates the transparency was greater than when it was applied to polystyrene. The

experimental design did not lead to any usable sol-gel based films.

Table 11: Variables used and grades given for the eight different experiments.

Experiment | Catalyst | Triton® | Applied on | Transparency | Cracks | Other
number X-100 problems
1 Acid With Glass 5 1 5

2 Acid With Polystyrene | 5 3 5

3 Acid Without | Glass 5 1 5

4 Acid Without | Polystyrene | 4 0 1

5 Base With Glass 2 5 2

6 Base With Polystyrene | 0 5 0

7 Base Without | Glass 3 5 3

8 Base Without | Polystyrene | 0 5 0

4.2.2 Making sol-gel films using TMOS

Even though the results from the experimental design were not decisive, acid catalysis
and Triton ® X-100 were used in the TMOS based films. The use of TMOS did not give
any good results, and the use of TMOS was terminated before making films with
immobilized GOx. There are many examples of researchers using TMOS based films [44,
46, 135], however in this work they did not seem to work. The finding of a new

biocompatible precursor for the silica matrix, made TMOS seem obsolete.

4.2.3 Sol-gel films on glass plate

Sol-gel films were applied to glass plates before the plate array was used. An advantage
of using the glass plates was that it was easy to see what the film looked like from all
angles. To measure GOx immobilized in a sol-gel matrix onto a glass plate, the whole
glass plate could have been put at the bottom of a cuvette, and an optical fiber could

easily excite the GOx from below or above. A major disadvantage was the reaction
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between the sol and the glass, which lead to surface tension when the film dries. When
the tension after some time became larger than the forces holding the film together,
cracks formed. In some films the cracking was so extreme that parts of the film were
found several centimeters from the glass plate. To avoid cracking PBS was used to cover
the gel, but the PBS dissolved of the gel if it was added to soon. And no clear timeframe
for the gelation was found for TMOS; it could sometimes be only 30 minutes, and other

times it could take a few hours.

4.2.4 Sol-gel based films in the plate array

After some testing with applying sol-gel onto glass plates and seeing a lot of problems, a
new method was used. Examination of applying the sol-gel into a 96 well plate array
with a polystyrene bottom was done. Experiments were done with both TMOS and DGS
derived films, and both seemed to crack far less than they did on glass plates. The reason
can be that the sol does not react with the polystyrene in the plate array, but reacts with

the glass plate as discussed above.

4.2.5 Making sol-gel films using DGS

4.2.5.1 Production of DGS

DGS is not commercially available. The production of DGS was done by refluxing TEOS
and glycerol at 130 °C. There were some inaccuracies in the temperature, a temperature
of 118 °C was observed, and a temperature of 132 °C was also observed. In average the
temperature was probably a few degrees to low. However this was compensated by

letting the mixture react for some hours more than originally planned.
During distillation of the mixture the vapor held a temperature between 78 and 80 °C.

An NMR-spectrum of the byproduct was attained, and the spectrum looks very much

like that of EtOH (see Figure 47, Appendix J).
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The recipe said to vacuum distill both glycerol and TEOS before the reaction, but a
previous test with NMR-analysis of both TEOS and glycerol before and after vacuum-

distillation proved this to be unnecessary.

After the product had been dried in the vacuum oven it was observed that all the liquid
had evaporated. The product of the DGS synthesis was white/glassy crystals, which

were easily crumpled to small crystals/powder before storage in the desiccator.

It was observed that the substance closest to the flask was more glassy than the
substance in the middle of the flask. It is possible that the stirring was not powerful
enough, and the solution closer to the oil bath was heated more than the mixture in the
middle of the flask. This could have lead to DGS condensing to longer Si-O-chains, which
was later confirmed by 29Si solid state-NMR (ssNMR) seen in Appendix [. The produced

DGS dissolved quite easily in water confirming that is was not fully polymerized.

4.2.5.2 Structure of DGS

The structure of DGS was not determined. However the NMR, infrared (IR) and mass
spectrometry (MS)-spectra seen in Appendix | gave some insights to what the structure
could be. The structure proposed in papers seem strange. It seems unlikely that it is
energetically favorable for one of the glycerols to make a five-ring with the silicon and
oxygens. Two six-membered rings seem more plausible because of less stress in the

molecule.

The 29Si ssNMR (MAS) spectrum (seen in Figure 45, Appendix ]J) implied that some of the
DGS had hydrolyzed and condensed, since peaks for Q% Q! and Q? are seen at -82.9, -88.6
and -96.1 ppm respectively. In the patent from Brook et al. [39] it is reported three
peaks with chemical shift and percentage of composition for Q°, Q! and Q?: -82.4 (97%),
-95.6 (1 %) and -103.7 (1 %) ppm respectively. The 2°Si ssNMR (MAS) of the DGS
produced in this work was not quantitative, so no calculations can be made regarding
the composition. The peak for QU is seen at the same chemical shift, but the peaks for Q!
and Q2 have a substantial shift difference, however both seem to be within the chemical

shifts where Q! and Q2 are found [41].
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From the 13C ssNMR (MAS) (seen in Figure 46, Appendix J) what appears to be four
separate peaks can be seen (75.6, 72.9, 65.5 and 63.9 ppm). This leads to the conclusion
that there are four chemically different carbon atoms. Brook et al. [39] reported three
peaks in their 13C ssNMR (MAS) spectrum (72.7, 63.6 and 51.9 ppm). In the theoretical
spectra seen in Appendix I, no peaks near 51.9 ppm are seen, and where this peak stems
from remains unknown. The two other peaks from Brook et al. and the peaks for the
DGS produced in this work seem similar. Since the peaks are not discrete, an assumption
that there are more than one isomer of DGS was made. Another possibility is that the
reacted DGS, where two more DGS molecules have polymerized, are responsible for the

widening of the peaks.

The IR-data was almost identical to the data from Brook et al. [39] indicating that the
same functional groups were present in the created substance. The obtained IR-
spectrum had the peaks (3401, 2942, 2889, 1638, 1465, 1408, 1056, 930 and 864 cm1),
Brook et al. reported the following peaks (3365m, 2941m, 2887m, 1650w, 1461m,
1417m, 1191s,1110s, 1051s, 994m, 926m and 859w cm-1). The intensities of the peaks
in the attained spectrum can be seen in Figure 49, Appendix ]. Some of the peaks were

assigned to functional groups, as seen in Table 12, the rest were not appointed.

Table 12: The IR peaks of DGS, and what functional group they probably stem from.

Peak (cm1) Functional group the peak was assigned to
3401 O-H

2942 sp3-hybridized carbon (stretch)

1465 CHz (bend)

1056 C-0 / Si-O and/or Si-O-Si

The MS-data imply that there are a lot of molecules with higher molecular weight than
DGS, which has a molecular weight of 208 g/mole. No significant peaks are seen
between 203 and 221 m/z. However the MS was run using water and methanol to solve
the sample, and since the rate of hydrolysis and condensation of DGS is high in the
presence of water, it seems likely that the DGS has reacted to form particles. It is

therefore decided that the MS-results can be disregarded.
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The important thing to note is that the structure of DGS does not really matter. The main
reason for using DGS is so that no MeOH or EtOH is released during hydrolysis of the
orthosilicate. After TEOS and glycerol had fully reacted all EtOH (H NMR in Figure 47,
Appendix ]) was distilled and dried off, so all that is left is the enzyme friendly glycerol

and some form of silica that hydrolyze and condensate to form glass.

4.2.5.3 Sol-gel with DGS

Making sol-gel derived films with DGS was far easier than using TMOS. The reaction time
was shorter and gelation happened significantly faster. A probable cause of the quick
hydrolysis and condensation is the high water solubility of DGS, which allows the DGS to
be miscible in water. It is also likely that the concentration of glycerol in solution affects
the esterification rate [132]. Since there are only two alkoxy molecules per SiO>
molecule, the esterification will probably be slower than if there were four alkoxy
groups per SiOz. Another important factor is that the ratio between H20 and DGS (70:1)
was very different than the ratio between H,0 and TMOS (14:1). The ratio between H20
and DGS implicates a very high reaction rate for hydrolysis, compared to the H,0/TMOS-

ratio.

The use of DGS to immobilize biological substances is reported to be far better than
using TMOS and TEOS [36], but since no TMOS based films with immobilized GOx were
made, no comparison of the TMOS and DGS based films can be done in regard to
immobilization. However the films produced with TMOS cracked a lot during drying, and
the gelation could take some hours. For DGS the gelation time could be as short as five
minutes, which is the same as Smith et al. [136] reported, and less cracking was seen for
the DGS derived films, than for the TMOS based films. Judging from the sometime
extreme cracking of the TMOS films, the release of MeOH, and the low pH values
required for hydrolysis and condensation, it appears that the DGS film is far more

suitable for immobilization of GOx for an optical biosensor.

In Figure 27 a microscopy picture of a DGS-based matrix in the plate array can be seen.

It is clear that the film is optically transparent, but not homogenous. This film was not
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filtered before application to see how much the filtration altered the film. In Figure 28 a
DGS based film in the plate array can be seen. The particles seen are probably
fluorescein aggregates in small water pockets. The film in Figure 28 was used to find the
optimal distance between the probe and the plate array. This goes to show that a
fluorophore in an inhomogeneous film can still emit light. Whether the intensity of the
fluorescence was decreased as a result of the inhomogeneous film is not known. In
Figure 29 a DGS based matrix with immobilized GOx can be seen. [t is apparent that the
film is neither translucent or homogeneous. This film was used with the setup for plate

array measurement with groove plate and pipes.

Figure 27: Microscope picture of an unfiltered DGS based film in plate array.
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Figure 29: DGS based film with GOx (0.049 g/mL sol or 11094 U/mL sol ) in plate array.
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4.2.6 Measuring fluorescence in the plate array

A way to measure fluorescence in the plate array was needed. Since no micro plate
reader was available, the solution was to make my own setup. The setup was to be used
with optical fibers and a probe of known dimensions. The sol-gel based films were to be
immobilized in a plate array (see Appendix F). There were three main ideas:

1. To use a microtable with a specially milled piece of metal (see Appendix G)

2. To use a holder for the plate array and a separate holder for the fiber

3. To use a holder that could hold both the plate and the fiber (see Appendix H)

The first idea was disregarded after some time because the microtable only had a range
of 25 mm, and after some experimenting, it was found that the setup would be useless.
Some time was spent on the second idea as it seemed easier to adjust distance, angles
and so on with two separate parts. However the third idea was regarded as the best

after the setup seen in Appendix H was investigated.

Two ways to make the components after they were designed using the 3D-drawing
program SketchUp was though of:
1. Use the 3D printer that was available at Oslo University College

2. Letthe chemistry departments own instrument workshop make it

First method 1 was tested, but the 3D printer used was not accurate enough to make the
components right. Another problem was that the printer sometimes stopped feeding
material through the printers nozzle, but did not recognize this problem itself. This lead
to unfinished products that could not be used. The drawings were given to the chemistry
departments instrument workshop so they could make the experimental setup. 3D

drawings of the experimental setup can be seen in Appendix H.
The finished setup was used with optical components described in the experimental

chapter. To decide on which excitation and emission filters were to be used, the

excitation spectrum seen in Figure 17, and the emission spectrum seen in Figure 18, was
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used. In Figure 30 the filter transmission spectra can be seen together with the

excitation and emission spectra.
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Figure 30: Filters used seen together with the excitation (---) and emission (---) spectra of GOx (536.5
U/mL PBS) with 2mM glucose (intensity on left axis). The filters were a 448 nm band pass filter (H)

and a 496 nm long pass filter (M) (transmission on right axis).

To measure the best distance between the probe and the DGS-film, a film with
fluorescein was used. Fluorescein was chosen because it shows a much higher
fluorescence than GOx at approximately the same wavelength, which allowed the
distance regulation to be done faster and more accurate. The optimal distance was found
to be 2 mm between the probe and the film, and therefore 1 mm between the probe and

the plate array since it has a 1 mm thick polystyrene layer (See Appendix F).

Measurement of GOx fluorescence in a DGS based matrix was successful, as seen in
Figure 31. A slight decrease in intensity is seen for most wavelengths when 200 pL of
PBS was added. It is possible that this is only a random occurrence. Both spectra are an
average of 10, yet the one with the PBS is far less smooth. This measurement was done a
DGS film from the same batch as the one seen in Figure 29. The high GOx activity/mL sol
was used because very low signals were detected from films with equal concentration

and activity as the ones in solution.
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Figure 31: Emission spectrum of GOx (11094 U/mL sol) in DGS-matrix with 200 uL PBS () and
without ().

When pouring 200 pL of 10 mM glucose solution onto the GOx immobilized in DGS, a
slight increase in intensity was seen for most wavelengths (see Figure 32). As for the
graph with PBS added in Figure 31, the graph with added glucose solution is much less
smooth. The increased intensity does not seem to be a real effect, as the signal fluctuated

a lot during measurements.
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Figure 32: Emission spectrum of GOx (11094 U/mL sol) in DGS-matrix with 200 uL 10 mM glucose (H)
and without (N).

The signal fluctuated a lot between each measurement. This can probably not be a result
of voltage differences from the power source, as an UPS was used. Fluctuations is
probably a result of too low signals [137]. It is possible that the signal could have been
stabilized by the use of a reference photodiode, as seen in the experimental setup in
Figure 15. Because the measurements with glucose in the sol-gel derived films were not

successful, the reference photodiode was not used.

There are some possibilities regarding the low signal strength: the fiber diameter was
not big enough, all filters and junctions waste a lot of light, and GOx is maybe not

strongly fluorescent when immobilized.
The spectrophtotometer used was maybe not sensitive enough to measure the weak

signal from GOx. When used to measure the fluorescence of fluorescein it gave good

results, however fluorescein is much stronger fluorescent than FAD in GOx.
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5 Conclusion and future outlook

5.1 Conclusion

Using TMOS to make sol-gel derived films is a much used method, and has proved to be
effective for some biological systems. However most enzymes are fragile, and the release
of alcohols can be of great harm to the enzyme by reducing its catalytic capability or in
the extreme denature and destroy it completely. Hence it seems like a good idea to use

other silanes for the encapsulation of enzymes.

Using enzymes for quantitative measurements can be difficult. The enzymes can become
denatured and loose most of their activity, or be stabilized by the immobilization matrix
and have an increased activity. The intensity of fluorescence from GOx increased when
oxidizing glucose in solution, however it was difficult to measure the fluorescence in a
sol-gel derived film. This was because the signal was weak, either because of the

experimental setup or GOx itself reacting negatively to immobilization.

DGS is a new and interesting silane which may provide a more gentle way to encapsulate
enzymes. To the authors knowledge this is the first report on GOx being immobilized in

a DGS based sol-gel matrix.

The structure of DGS was not determined by ssNMR, NMR, IR or MS. One of the
structures proposed in papers looks energetically unfavorable. However the main
purpose of using DGS compared to TMOS or TEOS is the release of the enzyme-friendly
glycerol instead of the enzyme-unfriendly MeOH or EtOH. The structure does not matter

to much as glycerol and SiO; are the only components left in the product after EtOH is

distilled of.

The experimental setup with optical fibers used with the groove plate and pipes seemed
to work fine. The process of finding the best way to measure fluorescence using a plate

array was challenging, but the results seem good. This can only be said because of
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distance testing with fluorescein, as the immobilized GOx showed a very weak

fluorescence.

[t may seem that this method for measurement of glucose concentration is not ideal.
Maybe the measurement of oxygen used in the reaction or the amount of H202 produced
are better ways to determine the glucose concentration, than the fluorescence of FAD

and FADH,.

5.2 Future Outlook

If further work was to be done on glucose sensing using GOx immobilized in a DGS
derived matrix, some other methods would have been chosen. The experimental setup

can probably be used with other fluorescent systems.
There are many papers on the positive effect of sugar-modified silanes have on enzymes
immobilized in DGS matrix. The effect GLS has on the DGS matrix would have been

interesting to examine.

Measurements in solution would have been done to determine the linear range GOx can

sense glucose concentrations in.

More experiments with GOx immobilized in DGS derived matrices would have been

done to get an optically clear an homogenous film.

[t will be interesting to follow the development of glucose sensors in the future as much

money and time is invested in this field around the world.
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7 Appendix

Appendix A Detailed overview of all spectrofluorometer settings

In this appendix a detailed overview of the settings used on the spectrofluorometer can

be seen. Where nothing else is mentioned the average of 20 scans was calculated.

Table 13: Detailed settings for the spectrofluorometer for emission experiments

What Setting/Value
Software Scan

Scan mode Emission
Excitation wavelength 450 nm

Start wavelength for emission 480 nm

Stop wavelength for emission 600 nm
Excitation slit 5 nm
Emission slit 5 nm

Scan control Medium

Scan rate 600 nm/min
Data interval 1 nm
Averaging time 0.1000s
PMT voltage Medium
Excitation filter Auto
Emission filter Open

Table 14: Detailed settings for the spectrofluorometer for excitation experiments

What Setting/Value
Software Scan

Scan mode Excitation
Emission wavelength 530 nm

Start wavelength for emission 250 nm

Stop wavelength for emission 520 nm
Excitation slit 5 nm
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Emission slit 5 nm

Scan rate 600 nm/min
Data interval 1 nm
Averaging time 0.1000 s
PMT voltage Medium
Excitation filter Auto
Emission filter Open

Appendix B Detailed excitation spectrum
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Figure 33: Excitation intensity of GOx (536.5 U/mL PBS) without glucose (M) and with 2 mM glucose

(M), measured at 530 nm, using the parameters from Table 14.

The small peaks both spectra exhibit at 265 nm can be ignored, as they arise from a
second order transmittance from the excitation monochromator. A background
spectrum has been subtracted, however pure PBS scatters less light than GOx in PBS, so

the peaks can still be seen.
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Appendix C Programming .csv-files to .txt-files

This appendix contains a Java program written to read .csv-files find the average
intensity for all the wavelengths in the file. The program first calculates the average of
the zero samples for each wavelength, ask the user if he/she wants to subtract the zero
sample and does so if the user selects “yes”. This is done by finding the average intensity
for each wavelength from the .csv-file with the measurement and then subtract the
average for the same wavelength from the zero sample. The resulting two arrays, one

with the wavelengths and one with the intensities are written in a .txt-file.

The code was written in Xcode version 4.6.3 in January 2014 using the programming

language Java.

import java.util.x;
import java.io.x;

import javax.swing.x;

VeSS
A program for reading .csv-files, calculating the average of intensities for different

wavelengths, subtracting the average of a zero-sample and writing the results in a .txt-file
@author Alexander Bjgrndal
*/

public class CSVXLS {
public static void main (String [l args) throws FileNotFoundException {
try {
Mainsystem s = new Mainsystem();
} catch (IOException e ) {
System.out.println("Something went wrong trying to read the file");

}
}
}
VeSS
Class with all the methods
*/

class Mainsystem {
Scanner scanner;
int numberOfLines = 0;
int numberOfExperiments = 0;

boolean csvFile = false;
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boolean shouldPBSBeSubtracted = false;
double []1[] rawValues;

double [] averageIntensitiesArray;
double [] averagePBSArray;

double [] wavelengths;

String [] stringAveragePBSArray;
String []1[] resultValues;

String csvFilename;

String txtFilename;

VESS

Constructor

prompts the user for a .csv-file then calls all the methods needed

Ltxt-file
@throws IOException
*/

public Mainsystem() throws IOException {
csvFilename= "Measurements/";

while (!csvFile) {

before writing to a

JFileChooser fileChooser = new JFileChooser(csvFilename);

int returnValue = fileChooser.showOpenDialog(fileChooser);

if (returnValue == JFileChooser.APPROVE_OPTION) {

csvFilename= fileChooser.getSelectedFile().getName();

csvFilename= "Measurements/" + csvFilename;

}
csvFile = csvFileType(csvFilename);

}
numberOfLines = findLength(csvFilename);

wavelengths = findWavelengths(csvFilename, numberOfLines);
readFromFile(csvFilename, numberOfLines, numberOfExperiments);

averagelntensitiesArray = average(rawValues, numberOfLines, numberOfExperiments/2);

shouldPBSBeSubtracted = checkIfSubtractPBS();
if(shouldPBSBeSubtracted) {
txtFilename= findPBStxtFile();
readFromTxtFile(txtFilename, numberOfLines);

averagelntensitiesArray = subtractPBS(averagePBSArray, averagelntensitiesArray);

}

changePeriodwWithComma(wavelengths, averagelntensitiesArray);
writeToFile(csvFilename, resultValues, shouldPBSBeSubtracted);

VESS

Checks whether the user wants to subtract a PBS spectrum from a .txt-file

@return boolean
*/
public boolean checkIfSubtractPBS() {

int reply = JOptionPane.showConfirmDialog(null, "Do you want to subtract a previously
calculated PBS-spectrum.txt?", "Subtract a .txt-file?", JOptionPane.YES_NO_OPTION);

if (reply == JOptionPane.YES_OPTION) {
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return truej;
} else {

return false;

VESS

Subtracts the PBS spectrum from averageIntensitiesArray

@param averagePBSArray The PBS values from the .txt-file

@param averageIntensitiesArray The average of the intensities for given wavelengths
@return averageIntensitiesArray The average of the intensities for given wavelengths

*/

public double [] subtractPBS(double [] averagePBSArray, double [] averageIntensitiesArray)

for (int b = @; b < numberOfLines; b++) {
averageIntensitiesArray[b] = averageIntensitiesArray[b] - averagePBSArray[b];
}

return averageIntensitiesArray;

VESS

Reads a .txt-file and saves the second column in averagePBSArray

@param txtFilename Filename for the .txt-file

@param numberOfLines Number of lines with wavelengths and intensities
@throws IOException

*/

public void readFromTxtFile(String txtFilename, int numberOfLines) throws IOException {
Scanner scanner3 = new Scanner (new File(txtFilename));
stringAveragePBSArray = new String [numberOfLines];
scanner3.nextLine();
for (int p = @; p < numberOfLines-2; p++) {
String newlLine2 = scanner3.nextLine();
String [] splitLine2 = newLine2.split(";");
stringAveragePBSArray[p]l = splitLine2[1];
¥
averagePBSArray = changeCommaWithPeriod(stringAveragePBSArray, numberOfLines);

VESS
Prompts the user to find a .txt-file

@return txtFilename Filename for the .txt-file
*/

public String findPBStxtFile() {

boolean txtFile = false;
txtFilename = "Measurements/txt/";
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while (!txtFile) {
JFileChooser fileChooser = new JFileChooser(txtFilename);
int returnValue2 = fileChooser.showOpenDialog(fileChooser);
if (returnValue2 == JFileChooser.APPROVE_OPTION) {
txtFilename = fileChooser.getSelectedFile().getName();

txtFilename = "Measurements/txt/" + txtFilename;
}
txtFile = txtFileType(txtFilename);
}
return txtFilename;
}
VESS

Writes a .txt-file in the Measurements/txt/ directory

@param csvFilename Filename for the .csv-file
@param resultValues Array with all the wavelengths and average of intensities
@param shouldPBSBeSubtracted The boolean representing if the user wants to subtract a
PBS—-spectrum or not
*/
public void writeToFile (String csvFilename , String [][] resultValues, boolean
shouldPBSBeSubtracted) {
try {
int cutCsv = csvFilename.index0f('.");
csvFilename= csvFilename.substring((13), (cutCsv));
BufferedWriter writeOut;
if (shouldPBSBeSubtracted) {
writeOut = new BufferedWriter(new FileWriter("Measurements/txt/" + csvFilename
+ "_average_minusPBS. txt"));
writeQut.write(csvFilename+ "minus PBS\n");
} else {
writeOut = new BufferedWriter(new FileWriter("Measurements/txt/" + csvFilename
+ "_average.txt"));
writeOut.write(csvFilename + "\n");
¥
for (int ¢ = 0; c < resultValues[0].length-2 ; c++) {
writeOut.write(resultValues[0][c] + ";" + resultValues[1][c] + "\n");
¥
writeOut.close();
} catch (IOException f) {
System.out.println("Something went wrong while writing to file");

VESS
Exchanges all periods with commas for two given double arrays, and stores them in one

common two dimentional double array

@param wavelengths Array with all the wavelengths

@param averageIntensitiesArray The average of the intensities for given wavelengths
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@return resultValues Array with all the wavelengths and average of intensities

*/
public String []1[] changePeriodWithComma(double [] wavelengths, double []
averageIntensitiesArray) {
resultValues = new String [2] [wavelengths.length];
for (int s = @0; s < wavelengths.length; s++) {
resultValues[0] [s] = Double.toString(wavelengths[s]);
resultValues[1] [s] = Double.toString(averageIntensitiesArrayl[s]);
resultValues[0] [s] = resultValues[0][s].replace(".",",");
resultValues[1] [s] = resultValues[1][s].replace(".",",");
¥

return resultValues;

VESS
Exchanges all the commas with periods for a given string array, and writes the results in

a double array

@param stringAveragePBSArray The PBS values from the .txt-file in string format
@param numberOfLines Number of lines with wavelengths and intensities
@return averagePBSArray The PBS values from the .txt-file
*/
public double [] changeCommaWithPeriod (String [] stringAveragePBSArray, int
numberOfLines) {
averagePBSArray = new double [numberOfLines];
for (int q = @; q <= stringAveragePBSArray.length-1; q++) {
if(stringAveragePBSArray[ql !'= null) {

averagePBSArray[q] =
Double.parseDouble(stringAveragePBSArray[ql.replace(",","."));
¥
¥
return averagePBSArray;
¥
VESS

Reads all the intensities from a given .csv-file and stores them in @param rawValues

@param csvFilename Filename for the .csv-file
@param numberOfLines Number of lines with wavelengths and intensities
@param numberOfExperiments The number of intensities or runs for a given experiment

@throws IOException

*/
public void readFromFile(String csvFilename, int numberOfLines, int numberOfExperiments)
throws IOException {
Scanner scanner2 = new Scanner(new File(csvFilename));
rawValues = new double [numberOfLines-2] [numberOfExperiments];
String newLine = scanner2.nextLine();
String [] splitLine = newLine.split(",");

79



scanner2.nextLine();
for (int k = 0; k < numberOfLines-2; k++) {
newLine = scanner2.nextLine();
splitLine = newLine.split(",");
int z = 0;
for (int 1 = 1; 1 < numberOfExperiments; 1+=2) {
rawValues [k] [z++] = Double.parseDouble(splitLine([l]);

VESS

Calculates the average of all the intensities in the .csv-file

@param rawValues Raw data from the .csv-file
@param numberOfLines Number of lines with wavelengths and intensities
@param numberOfExperiments The number of intensities or runs for a given experiment
@return averageIntensitiesArray The average of the intensities for given wavelengths
*/
public double [] average (double [1[] rawValues, int numberOfLines, int
numberOfExperiments) {
averageIntensitiesArray = new double [numberOfLines];
for (int m = @; m < numberOfLines-2; m++){
0;
for (int n = @; n < numberOfExperiments; n++) {

double sum

sum += rawValues[m][n];

}
averageIntensitiesArray[m] = sum/numberOfExperiments;
}
return averageIntensitiesArray;
+
VESS

Finds the length and number of experiments of the interesting data in the .csv-file

The .csv-file contains a lot of information that needs to be ignored. The first line that
is usable for detecting were the ignorable data begins is the one that starts with
"Collection". However four of the lines previous to this line can be ignored, hence this

method returns numberOfLines-4

@param csvFilename Filename for the .csv-file
@return numberOfLines Number of lines with wavelengths and intensities
@throws IOException
*/
public int findLength (String csvFilename) throws IOException {
scanner = new Scanner(new File(csvFilename));
boolean readOn = true;
while (scanner.hasNextLine() && readOn) {
numberOfLines++;
String line = scanner.nextLine();
if (line.startsWith("Collection")) {
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readOn = false;

¥

if (numberOfLines == 2) {
String [] numberOfExperimentsString = line.split(",");
numberOfExperiments = numberOfExperimentsString.length;

}

return numberOfLines-4;

VESS
Reads through the .cvs-file to find the wavelengths, and stores them in @param

wavelengths

@param csvFilename Filename for the .csv-file
@param numberOfLines Number of lines with wavelengths and intensities
@throws IOException
@return wavelengths Array with all the wavelengths
*/
public double [] findWavelengths (String csvFilename, int numberOfLines) throws
I0Exception {
scanner = new Scanner(new File(csvFilename));
wavelengths = new double [numberOfLines];
scanner.nextLine();
scanner.nextLine();
for (int counter = @; counter < numberOfLines-2; counter++) {
String wholeLine = scanner.nextLine();
String [] wholeLineSplit = wholeLine.split(",");
wavelengths[counter] = Double.parseDouble(wholeLineSplit[0]);
¥

return wavelengths;

VESS

Checks if the user given file is a .csv-file, and tells the user if it is not

@param csvFilename Filename for the .csv-file
*/
public boolean csvFileType(String csvFilename) {
if (csvFilename.endsWith(".csv")) {
return truej;
} else {
JOptionPane.showMessageDialog(null, "That is not a .csv-file");

return false;

VESS

Checks if the user given file is a .txt-file, and tells the user if it is not
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@param txtFilename Filename for the .txt-file

*/

public boolean txtFileType(String txtFilename) {
if (txtFilename.endsWith(".txt")) {

return truej;

} else {

JOptionPane.showMessageDialog(null, "That is not a .txt-file");

return false;

Appendix D Programming a RGB-led

The code was written in the software Arduino version 1.0.5 the 17.02.2014, below is the

written program as written in the Arduino software.

// Program to make an RGB-led mimic light at 450 nm

// Alexander Bjgrndal
//17.02.2014

// Initializing the ints
RED_LED_PIN = 6;
GREEN_LED_PIN = 5;
BLUE_LED_PIN = 3;

redIntensity = 54;
greenIntensity = 80;

bluelntensity = 137;

0f
// No setup needed

}

// Sets and loops the intensity for the different circuits coupled to the R,G and B leds

0{

(GREEN_LED_PIN, greenlntensity);
(BLUE_LED_PIN, bluelntensity);
(RED_LED_PIN, redIntensity);
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Appendix E The first emission spectrum

The results from the first measurement done on the spectrofluorometer can be seen in
Figure 34. The spectrum is contorted by Raman scattering, and the signal is weak. Note

that the signal is negative. That is because the spectrofluorometer was not “zeroed”
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Figure 34: Emission spectrum of GOx (4.2 U/g). Excitation at 450 nm.

Appendix F The plate array

A plate array of the type 96 Well Microplate, PS, pClear® , Chimney Well from greiner
bio-one was used. A 3D drawing, seen in Figure 35, was made in SketchUp to test
experimental setups with the 3D drawings of both the “Setup for plate array
measurement with microtable” (Appendix G), and “Setup for plate array measurement

with groove plate and pipes” (Appendix H). In Figure 36 the technical drawings from
greiner bio-one can be seen.
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Figure 35: Plate array drawn in SketchUp, seen from above (top) and below (bottom).
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Figure 36: Technical drawing of the plate array from greiner bio-one [138].
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Appendix G Setup for plate array measurement with microtable

To measure in the plate array, without buying an expensive plate reader, a setup had to
be made. The first idea was to use a Klinger/Micro-Controle MR80.25 Linear Stage that
was available in the lab with a milled piece of metal. The range of the microtable was
only 25 mm and the distance between the center points of two adjacent wells in the
plate array is 9 mm, so this setup would require a lot of moving of the plate array to be

used.

%ﬁ i
Y § |

Figure 37: Microtable from SketchUp. Seen from above (top), and below (bottom).

Appendix H Setup for plate array measurement with groove plate

and pipes

The setup for measuring fluorescence in a plate array with an optical probe consists of
four parts: an inner pipe, an outer pipe, a supporting pipe and a groove plate. The inner

pipe contains the optical probe, and is glued to the groove plate. The outer pipe contains
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the inner pipe and has a wing screw which holds the optical probe in place inside the
inner pipe. The outer pipe also has a thumb screw to fasten the inner pipe. The outer
pipe is fastened on top of the supporting pipe with a wing screw. Both the outer and the

supporting pipe has a slit to let the optical fiber curve at a natural angle towards the

table.
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Appendix | Predicted DGS ssNMMIR spectra
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Figure 43: Predicted 13C NMR spectrum for the first of the proposed DGS structures seen in a paper

by Brook et al. [36].
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Figure 44: Predicted 13C NMR spectrum for the second of the proposed DGS structures seen in a

paper by Brook et al. [36].
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Appendix J Obtained DGS spectra
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Figure 45
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13C ssNMR of DGS.

Figure 46
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1H NMR of the by-product of the reaction of TEOS with glycerol.

Figure 47
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MS spectrum of DGS.

Figure 48.
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IR spectrum of DGS.

Figure 49
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