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Abstract

Background Many biochemical reactions depend on the pH of their environment and
some are strongly accelerated in an acidic surrounding. A classical approach to control
biochemical reactions non-invasivly is by changing the temperature. However, if the pH
could be controlled by optical means using photo-active chemicals, this would mean to
be able to accelerate suitable biochemical reactions. Optically switching the pH can be
achieved by using photoacids. A photoacid is a molecule with a functional group that
releases a proton upon irradiation with the suitable wavelength, acidifying the environ-
mental aqueous surrounding. A major goal of this work was to establish a non-invasive
method of optically controlling the pH in aqueous solutions, offering the opportunity to
enhance the known chemical reactions portfolio. To demonstrate the photo-switchable pH
cycling we chose an enzymatic assay using acid phosphatase, which is an enzyme with a
strong pH dependent activity.

Results In this work we could demonstrate a light-induced, reversible control of the
enzymatic activity of acid phosphatase non-invasivly. To successfully conduct those
experiments a high power LED array was designed and built, suitable for a 96 well
standard microtiter plate, not being commercially available. Heat management and a
lateral ventilation system to avoid heat accumulation were established and a stable light
intensity achieved. Different photoacids were characterised and their pH dependent
absorption spectra recorded. By using the reversible photoacid G-acid as a proton donor,
the pH can be changed reversibly using high power UV 365 nm LEDs. To demonstrate the
pH cycling, acid phosphatase with hydrolytic activity under acidic conditions was chosen.
An assay using the photoacid together with the enzyme was established, also providing
that G-acid does not inhibit acid phosphatase. The feasibility of reversibly regulating
the enzyme’s pH dependent activity by optical means was demonstrated, by controlling
the enzymatic activity with light. It was demonstrated that the enzyme activity depends
on the light exposure time only. When samples are not illuminated and left in the dark,
no enzymatic activity was recorded. The process can be rapidly controlled by simply
switching the light on and off and should be applicable to a wide range of enzymes and
biochemical reactions.

Conclusions Reversible photoacids offer a light-dependent regulation of pH, making
them extremely attractive for miniaturizable, non-invasive and time-resolved control
of biochemical reactions. Many enzymes have a sharp pH dependent activity, thus the
established setup in this thesis could be used for a versatile enzyme portfolio. Even
though the demonstrated photo-switchable strategy could also be used for non-enzymatic
assays, greatly facilitating the assay establishment. Photoacids have the potential for
high throughput methods and automation. We demonstrated that it is possible to control
photoacids using commonly available LEDs, making their use in highly integrated devices
and instruments more attractive. The successfully designed 96 well high power UV LED
array presents an opportunity for general combinatorial analysis in e.g. photochemistry,
where a high light intensity is needed for the investigation of various reactions.
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2 Preamble

Controlling enzymatic activity with light is a desirable achievement in a multitude of
applications and of high research interest [1, 2]. Many enzymes have a sharp pH profile,
being active only when the pH value is higher or lower than a certain limit. Hence, if the
pH value could be controlled optically, it would be possible to regulate a vast variety of
enzymatic reactions in a non-invasive manner. Optical control of pH can be achieved by
using reversible photoacids [3, 4, 5] to photo-induce a reversible pH jump. A photoacid is
an aromatic alcohol that transforms into a strong acid upon irradiation [6] and undergoes
excited state proton transfer (ESPT) in this process [7, 8, 9]. The acidity enhancement
after excitation is typically on a scale of a factor of 106 − 108 thus decreasing the pKa by
6− 8 units [10]. Generally, photoacids are subdivided into two main classes: Photoacid
generators (PAGs) and reversible photoacids (PAs). PAGs dissociate upon irradiation
and irreversibly form strong acids while undergoing a photo destructive process. This
unique property to acidify the surrounding upon irradiation has often been used in photo-
polymerization. In a seminal experiment, Kohse et al. succeeded in optically starting the
activity of the enzyme acid phosphatase by a laser–induced pH jump [1] using a PAG.
Although, this reaction is irreversible, it demonstrated the feasibility of a non-invasive
initiation of an enzyme other than thermal control. In contrast to a PAG, a reversible
photoacid is not structurally disintegrated upon illumination, but re-associates with it’s
proton after returning to the ground state. Very common families of photoacids include
phenol, naphthol and pyrene derivatives. Characteristic is the functional group for all
reversible photoacids, which donates the proton in the ESPT process [5] and is able to
interact with the surrounding. Depending on various factors the photo-released proton
can diffuse and escape the zone of influence of the parent ion, enabling it to react with the
surrounding environment. It is also possible that it is recaptured by the parent ion after it
has returned back to the ground state. The dissociation can be induced by a laser pulse,
converting a weak acid into a strong acid [11, 12, 13]. This process takes place on the scale
of pico- to nanoseconds. Reversible photoacids have been extensively used to study ESPT.
However, their applications in biochemistry and biology are still scarce and are reviewed
in our recent publication [14]. This work is focussed on developing and establishing a pH
dependent biochemical assay, which can be conducted in a cycled, reversible fashion by a
photo-switchable strategy using a photoacid.
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3 Theoretical Background and State of

the Art

3.1 Photoacids

A photoacid is an aromatic alcohol, that transforms into a strong acid upon irradiation [6]
and undergoes excited state proton transfer (ESPT) in this process. The acidity enhance-
ment after excitation is typically on a scale of a factor of 106 − 108, thus decreasing the
pKa by 6− 8 units [10]. Photoacidity was first investigated by Weber, Förster and Weller,
more than half a century ago [15]. The majority of research focussed on the dynamical
studies of acid base reactions by using the unique properties of photoacids [3, 8, 16]
Generally photoacids are subdivided into two main classes: photoacid generators (PAGs)
and photoacids (PAH). While PAGs irreversibly undergo proton photo dissociation, PAHs
reversibly recombine thermally after the photo induced dissociation. Photoacidity is most
often described by the Förster cycle diagram, see figure 3.1.

Figure 3.1: Schematic representation of a photoacid’s energy level, excited by light with
the frequency h ν1 where RO*H is the excited photoacid with its conjugate base
R*O-.

∣∣S1> represents the first singlet excited state and
∣∣S0> the ground state

Following Förster, photoacidity is defined in terms of K∗a , the excited state equilibrium
constant for the dissociation reaction of the photoacid [17].

∆pKa = pKa0 − pK∗a =
Nh∆ν

ln(10)RT
(3.1)

Where N is the Avogadro constant, h is the Planck constant and ∆ν = ν1 − ν2. ν1 being
the 0-0 transition of the acid and ν2 the 0-0 transition of the anion. Ka being defined as the
equilibrium constant, as it is valid for proton transfer reactions in water:

2



3 Theoretical Background and State of the Art

HA + H2O⇐⇒ H3O+ + A− (3.2)

HA being the Bronsted Acid, which donates a proton H+ to the solvent, e.g. water. In this
process an anion A− is produced. Thus a photoacid can also be defined as a molecule,
where the ground state acidity is lower than its acidity in the exited state: pK∗a < pKa0;
pKa0 being the equilibrium constant for the proton dissociation reaction in the ground
state and pK∗a being the equilibrium constant for the proton dissociation reaction in the
excited state. After excitation, the liberated proton of the ion pair can follow two options:
It either recombines with the excited, deprotonated state photoacid, RO*- to finally return
to the ROH* state, which is known as the germinate recombination process, or it diffuses
to the bulk solvent, RO*- + H+ [5].

The fluorescence intensity (from S1 to S0) is a function of the pH in solution, which can
be monitored by titrating the photoacid while in the excited state. This has been shown
by Weller [17]. Gradually adding a strong acid (e.g. HCl) to a photoacid solution shifts
the acid-base-equilibrium towards the acid form (when starting in alkaline or neutral
conditions). Thus, by continuously recording absorption spectra, while titrating a strong
acid, will result in similar informations about the acid- base equilibrium, as monitoring
the fluorescence. Using this method the pK∗a can be experimentally estimated. Much more
precise, however also increasingly complicated, is the direct kinetic measurement of the
ESPT [18] to determine the pK∗a .

3.1.1 Irreversible Photoacids - PAGs

Photo Acids Generators (PAGs) diossociate upon irradiation and form strong, irreversible,
acids while undergoing a photo- destructive process. Their unique properties have often
been used in photo-polymerization to enhance polymer properties or adding a post
processing step for novel material formation [19, 20, 21]. PAGs were not only used for
polymerization, but also for starting an enzymatic reaction - Kohse et al. succeeded in
optically controlling the activity of acid phosphatase by a laser–induced pH jump [1].
This allowed the development of a non-invasive initiation of a biochemical reaction. A
wide range of enzymes have pH dependent activities, thus offering a condition by which
enzyme activity can be optically controlled by a light pulse, using a PAG. In a fundamental
experiment acid phosphatase was combined with a PAG (2 nitrobenzaldehyde) in an
aqueous solution [1]. The enzyme is active at a pH below 8 and has its optimum activity
at a pH of 5. The hydrolytic activity of acid phosphatase was controlled by switching the
conditions from an alkaline pH of 8 to an acidic pH of 6. To yield a pH-jump of nearly two
units, a short laser pulse was used, inducing the proton release of the PAG. Typical sample
irradiation times were 250 ms, lowering the pH sufficiently to activate the enzyme. In
order to monitor the altered activity 6-chloro-8-fluoro-4-methylumbelliferone phosphate
(CF-MUP) was used as a substrate. CF-MUP significantly changes absorption at 360
nm after hydrolysis from CF-MUP to 6-chloro-8-fluoro-4-methylumbelliferone (CF-MU)
[1]. CF-MUP was also used by Yang et al. to track the activity of acid phosphatase [22].
Kohse et al. arrived at an experimental setup without any loss of enzyme activity. Thus,
it is possible to locally change the pH rapidly in a very small volume, even controlling
enzymatic activities in an optical, non-invasive manner without loss of activity. Other
promising enzymes with a significant pH-profile concerning activity are suggested in
their work. Those could possibly be activated in a similar manner, offering a wide range

3



3 Theoretical Background and State of the Art

of applications. Examples are: laccase, catalase, polyphenol oxidase, β-glucosidase and
L-arginine decarboxylase [1]. Acid phosphatase will be considered in more detail in
section 3.2.2. However, as a PAG was used the enzyme activity could be triggered once
only and the process was irreversible.

3.1.2 Reversible Photoacids -PAHs

In contrast to a PAG, a reversible photoacid does not dissociate upon illumination, but
thermally re-associates with a proton after returning back to the ground state. Very com-
mon families of photoacids can be seen in figure 3.2. Those include phenol, naphthol
and pyrene derivates. Characteristic is the functional group for all reversible photoacids,
which donates the proton in the ESPT process. Dependent on various factors, the photo-
induced liberated proton can either diffuse away from the parent ion and escape the zone
of influence of the parent ion, which makes it possible to react with the surrounding. Or is
recaptured by the parent ion after this has returned back to the ground state [23]. Gener-
ally all ESPT examinations, as well as ultra short pH jumps experiments are conducted
with a short laser pulse in the range of nano- or picoseconds, e.g. using ultrafast laser
spectroscopy [11].

Figure 3.2: Common families of known reversible photoacids. Mandatory to function as a
photoacid is the functional OH group

As phenols and their derivatives are toxic [24, 25] and absorb in the UVB region [26] they
were not chosen for this work. LED illumination sources in the UVB spectra are less
powerful and are very expensive. Furthermore UVB irradiation often damages biological
compounds, such as DNA and enzymes [27, 28].

Reversible photoacids are highly acidic in the excited state (low pK*) and usually display
a weak acidity in ground state (pK0 close to neutral pH). Figure 3.3 schematically shows
the deprotonation process of a pyrene derivative.

4



3 Theoretical Background and State of the Art

Figure 3.3: Schematic chemical reaction when a reversible photoacid is illuminated with
the appropriate wavelength hν: Upon irradiation an ESPT takes place and the
liberated proton can interact with the aqueous surrounding. The process is
reversible

Photoacids used in this work are:

• 8-Hydroxypyrene-1,3,6-Trisulfonic Acid (HPTS)

• 2-Naphthol-6,8-disulfonic acid (G-acid)

• 2-Naphthol-3,6-Disulfonic Acid (R-acid)

• 6-Cyano-2-Naphthol

• 3-Amino-2-Naphthol

• 3-Bromo-2-Naphthol

• mPAH1 (metastable)

HPTS

The pyrene derivative HPTS, by appearance a light yellow liquid when in an acidic
environment and a bright yellow when present in neutral or alkaline conditions. The
pyrene derivative is probably the most prominent and best studied photoacid. It is
characterized by an acid dissociation constant (pK∗ = 0.5), which is much lower than that
of the ground state (pK0=7.7) [11, 3, 4]. Not only has HPTS been extensively used for ESPT
studies [5], but also for biological applications to monitor the pH as per fluorescence in
cells in near neutral pH [29] or to develop a sterilizeable HPTS- based sensor, which can
be used for online pH monitoring of an E. coli fermentation [30].

As for all photoacids, the pKa0 value of HPTS varies with the nature and ionic strength
of the solution. At a physiological pH, the pKa0 will be around 7.7, with a fluorescence
quantum yield of almost 100 % in both, alkaline and acidic solution, when excited with

5



3 Theoretical Background and State of the Art

light of a larger wavelength then 400 nm [29]. The chemical structure of HPTS can be
seen in figure 3.4. HPTS is a water-soluble compound, which makes it a great potential
photoacid for biological applications, as many photoacids are not soluble in water, e.g.
1-Napthol. Gutman et. al demonstrated in their work [11, 13] that aqueous solutions
could be acidified on a microsecond scale by exiting the photoacid HPTS, using a short
laser pulse of 50 ns. Also Hynes et al. demonstrated the photochemical proton transfer
in aqueous solution using HPTS, phenol and substituted phenols [31]. PH indicators,
such as bromcresol green, were used for a second-order diffusion controlled reaction:
The photoinduced proton ejected from the photoacid changed the formation of the pH
indicator and made a spectroscopic determination of pH change possible. Also using
HPTS, Haghighat et al. could measure an increase in proton conductivity upon irradiation
by doping materials with the photoacid [23]. Thus demonstrating, that the released proton
is indeed liberated and can interact with its surrounding.

Figure 3.4: Molecular structure of HPTS

An example for a bioelectrical, miniaturizable device using a photoacid is given by Peretz-
Soroka et al. [32]. They developed a prototype with which they could control and monitor
the pH using a nanowire-based FET device. Silicon nanowires were chemically modified
by photoactive HPTS derivatives and by biomolecules, e.g. enzymes. All of the involved
compounds were immobilized to the surface. Effected by the surface-anchored photoacid
molecules, a photo-induced pH jump could be detected resulting in a proton transfer to the
solvent. This was achieved by measuring the change in surface potential alteration which
modulates the current flow. HPTS exhibits a pH-dependent adsorption shift and therefore
additionally allowed the pH determination by ratiometric fluorescence measurements
in parallel: Two excitation wavelengths at 405 nm and 450 nm have been used. At a
pH below 7 the absorbance at 450 nm rapidly decreases and thus the fluorescence [33].
Using this characteristic of HPTS, both as a photoacid and as a fluorescence pH indicator
Peretz-Soroka et al. performed the experiment using HPTS and trypsin modified silicon
nanowires. Trypsin acidifies the solution while hydrolyzing its specific substrate N −α-
Benzoyl-L-arginine ethyl ester (BAEE), thus resulting a long-term change in conductivity
and pH. The enzyme activity was monitored using the described device and method
above [32]. As a next step a HPTS-pepsinogen complex was anchored to the silicon
nanowires. The inactive proenzyme pepsinogen is actived at an acidic pH of about 2-4 by
self-processing resulting in the active protease pepsin. In addition, the reaction leads to
further acidification of its surrounding by the hydrolysis reaction [34]. By steady HPTS

6



3 Theoretical Background and State of the Art

illumination using a wavelength of 400 nm a pH jump was caused. The generation of
the active pepsin was controlled and monitored with a single multifunctional device.
Therefore, local modulation and monitoring of surface pH by the use of a reversible
photoacid was successfully achieved, offering the development of multifunctional bio-
FETs [35].

G-acid

2-naphthol-6,8-disulfonate (G-acid) is transparent when in solution, both in acidic and
alkaline environment and belongs to the family of naphthols. Just as HPTS, due to the
sulfonate groups, it is a negatively charged molecule (figure 3.5). G-acid also has a low
toxicity and is well soluble in water.

Figure 3.5: Molecular structure of G-acid

G-acid has an even more significant ∆pKa when irradiated: The pKa0 in it’s ground state
is pKa0 = 8, 99, which is significantly lowered to and excited pK∗a = 0.7 [17]. This is
more than 8 units difference and thus G-acid is an even stronger photoacid than HPTS.
Considering the price, which is dramatically lower than that of HPTS, it offers an attractive
alternative. However, as it is a naphthol derivative, it does not absorb in the visible
spectrum, but in the UV-Spectra. This strongly limits the possibilities of cost- effective
and easily available irradiation sources. Kaufmann et al demonstrated the possibility of
ultra fast pH jumps, using 2-naphthol-6,8-disulfonate. They determined the life time of
the excited state to be 14 ns, the reverse process is diffusion dependent and takes up to
microseconds [36].

Photoacids cannot only induce pH jumps, but are also suitable to analyse biomaterials,
their proton transfer rates, as well was their binding characteristics. Amdursky et al.
used surface-bound photoacids to study excited-state proton transfer and binding sites on
insulin amyloid fibril surfaces [37, 5]. G-acid was one of the naphthol derivatives used
in this study. Diseases, such as Alzheimer or Parkinson are related to the formation of
amyloid fibrils [38, 39]. During the fibrillogenesis process, the soluble amyloid proteins
aggregate into an insoluble structure. It is important to fully understand the structure
of amyloid fibrils to be able to design molecular inhibitors to fibrillogenesis [40, 41].
This can be achieved by studying and understanding the surface structure of amyloid
fibrils and their interaction with aqueous surrounding. Amdursky et al. analyzed the
surface and binding sites of amyloid fibrils, using different photoacids: Aim of this study
was to explore various binding sites of insulin amyloid fibril. The use of photoacids of

7



3 Theoretical Background and State of the Art

different strength allowed the group to analyse the propagation of protons along the fibril
surface. Also, using this strategy photoacids can be used as a marker for amyloid fibrils,
employing their fluorescence upon excitation. The group used photoacids of different
strength: The naphthol- based photoacids strongly differed in their pK∗a , thus releasing a
significantly different proton concentration upon irradiation. Also the selected naphthol
derivatives differed in their sulfonic groups and thus in their binding capacity. Followed
by extensive molecular dynamics simulations, the binding modes and mechanisms of
the surface-bound photoacids were analysed, resulting in a detailed characterization of
different binding modes to the surface of amyloid fibrils. The results of Amdursky et al.
could contribute to the design of future fibrillogenesis inhibitors. Hence, photoacids can
also be applied as fluorescent markers to understand the binding mechanism of small
molecules, such as photoacids, to amyloid fibrils.

R-acid

2-naphthol-3,6-disulfonic acid or R-acid also belongs to the family of 2-naphthols. When
present as salt, R-salt, it is an important dye intermediate. It is produced from naphthalene
by a combination of the unit processes of sulfonation, nitration, reduction, and hydrolysis.
When present as salt, R-salt is used in the manufacture of a large number of azo dyes and
pigments [42]. It’s molecular structure is very similar to G-acid (figure 3.6).

Figure 3.6: Molecular structure of R-acid

R-salt has been used to study the saturated adsorption capacity of chitosan-β -cyclodextrin
[43] and has been used to functionalize polystyrene divinyl benzene (8%) copolymer
in order to do elemental analysis of polystyrene divinyl benzene and kinetic studies
of chromium [44]. It has also been used to study the acid-base equilibrium reactions
within the trimethyl ammonium-modified mesoporous silica vs. the reaction equilibrium
in bulk water [45]. Furthermore R-acid was found to have adsorption and corrosion
inhibitive properties on iron electrode in sulfuric acid [46]. R-acid is listed as a photoacid
in "Chemistry of Phenols" [17], however the pKa and pK∗a is not calculated and thus
unknown.

6-Cyano-2-Naphthol

White to tan in appearance is this naphthol derivative. 6-cyano-2-naphthol (6CN2) has
more hazardous statements and exhibits a greater toxicity. It is acutely toxic when swal-
lowed and causes skin irritation [47]. 6-cyano-2-naphthol has a pKa0 = 8.4 when in the
ground state. This lowers to pK∗a = 0.2 [48] . Due to the magnitude of the large pH jump it
is also referred to as "Super Photoacid" and has been used for ESPT experiments [49]. The
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molecular structure of 6-cyano-2-naphthol is sketched in figure 3.7. The proton-transfer
kinetics and photophysical behaviour of 6CN2 have been investigated by Nakayama et al.
[50].

Figure 3.7: Molecular structure of 6-cyano-2-naphthol

Also, its derivative 5-cyano-2-naphthol has been analysed and also belongs to the group
of "Super Photoacids". Gopich et al. demonstrated the the ESPT of 5-cyano-2-naphthol
is reversible and happens in a few nanoseconds [51]. Apart from that steady-state and
time-resolved fluorescence of 5-cyano-2-naphthol in various pure solvents, such as ethanol
and dimethyl sulfoxide (DMSO) have been studied [52].

3-Amino-2-Naphthol

This photoacid is a naphthol derivative (figure 3.8), which is acutely toxic when swallowed
and causes skin irritation [53]. The ESPT for the very similar compounds 8-amino-2-
naphthol and 5-amino-2-naphthol was analysed and the pKa was found to be pKa = 9.5
for the ground state pK∗a = 1.1 for the excited state for both derivatives [54]. However,
3-Amino-2-Naphthol hasn’t been studied yet. In a patent, 3-Amino-2-Naphthol is also
listed as a part of a photo-curable composition [55].

Figure 3.8: Molecular structure of 3-amino-2-naphthol

Also, this photoacid seems to be a promising candidate for releasing protons to aid in
photosynthesis and will be analysed soon [56]. However this photoacid is generally not
well studied yet.

3-Bromo-2-Naphthol

Also part of the naphthol family is 3-bromo-2-naphthol. It’s molecular structure can be
seen in figure 3.9. It is toxic and causes skin irritation [57]. It’s very similar derivatives
6-bromo-2-naphthol and 1-bromo-2-naphthol have been used to study the ESPT. For 6-
bromo-2-naphthol the pKa = 7.8 in the ground state and pK∗a = 1.4 in the excited state.
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For 1-bromo-2-naphthol the pKa = 9.2 in the ground state and pK∗a = 3.1 in the excited
state [58].

Figure 3.9: Molecular structure of 3-bromo-2-naphthol

Generally speaking, reversible photoacids introduced in this section are mostly used to
demonstrate either ESPT or to induce very short lived pH jumps using a short laser pulse
as an optical trigger. However, PAHs have scarcely been illuminated continuously and
have never been excited using simple light emitting diodes (LEDS) as illumination sources
in free solution.

3.1.3 Metastable Photoacids - mPAHs

The recently discovered metastable photoacids (mPAH) present a new opportunity re-
garding photoinduced pH jumps: While the irradiation of a PAH results in a very short
lived pH jumps (microseconds until recombination process has taken place), metastable
photoacids can change the pH for minutes to hours [59]. Figure 3.10 shows two different
metastable photoacids. mPAH2 has been used in this thesis and is referred to as mPAH.

Figure 3.10: Two examples of metastable photoacids, mPAH1 and mPAH2

The long pH jump is correlated to the different approach in designing the mPAHs: They
are generally designed by linking an electron- accepting moiety and a weakly acidic
nucleophilic moiety with a double bond, which enables an absorption of visible light [6].
As both, the forward and backward, reactions are multi-stepped the half live is extended
from seconds to hours [6]. A schematic sketch of the proposed mechanism is displayed in
figure 3.11.

Moreover the pKa0 of mPAH is usually below 8, thus exhibiting an initial pH of 5.5 or
similar when being dissolved in aqueous solution [60]. If they can be dissolved in aqueous
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Figure 3.11: Proposed mechanism of Liao et al. for the photo induced excited photoacid
state. The photoacid first forms a tautomer, thus shifing electron density
charges and finally the proton is liberated and can interact with the aqueous
surrounding.

solutions at all, as some of them are only soluble in methanol [19].

Metastable photoacids have been used to switch pH indicators in solution [60] and cause
a colour change in pH indicator doped polymer and PCL films , [61]. A huge drawback is
the often very slow recombination rate of mPAH, which can take longer than 24 hours.
Some even have a half-life as high as 128 h [62], thus making it unsuitable for biological
applications. Nevertheless Luo et al conducted an experiment with multidrug-resistant
bacteria in which they used a mPAH to enhance the bacteria killing by a photo-induced
pH drop [2]. The starting pH here was 5.8, which is not applicable for most biological
reactions, usually requiring a physiological pH of about 7. Driven by the desire to open
up opportunities for mPAH in the biological field yet another metastable photoacid was
developed, which is able to keep it’s proton in PBS buffer with a pH of 7.4 [63]. This is also
the photoacid tested in this thesis . After irradiation with visible light the mPAH reached
it’s original pH after being kept in the dark for 48 h.

Apart from metastable photoacids, there are also metastable photobases, which principally
function similar to metastable photoacids: They donate an OH– and thus increase the pH
value of a solution. They have been used to change the structure of a single stranded DNA
from a random coil to the stable i-motif form by increasing the pH value upon illumination
[64, 65]. However, as demonstrated by Liu et. al, they have the same current drawback as
mPAHs: Their recombination rate is very slow and they are destructed with each applied
photo-induced pH cycle.

Overall mPAHs and photobases propose promising options for biological applications
when being further developed. Also they are usually not commercially available for
buying, but have to be synthesised independently.

An overview of characteristics of photoacid used in this thesis is given in table 3.1.
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Table 3.1: Overview of photoacids used and their pK in ground state (pKa0) and excited
state(pK∗a ), as well as the dfference between the two (∆ pH)

Photoacid pKa0 pK∗
a ∆ pH

HPTS 7.7 0.5 7.2
G-acid 8.99 0.7 8.29
R-acid n.a. n.a. n.a.
6-Cyano-2-Naphthol 8.4 0.2 8.2
3-Amino-2-Naphthol n.a. n.a. n.a.
3-Bromo-2-Naphthol n.a. n.a. n.a.
mPAH 10.1 1.25 8.85

3.2 Biochemical reactions

Control of biochemical components or reactants is often achieved by changing temper-
ature. A prominent example are smart polymeric materials that respond to a change in
temperature [66]. However, those materials, as well as many other biochemical processes,
also respond to environmental stimuli such as pH. Examples for pH dependent compo-
nents are versatile: polymeric materials [66], pH dependent enzymes, amino acids [67]
and electrophoresis [68]. Generally hydrolytic activity is either accelerated by enzymes or
an acidic pH value [69].

3.2.1 Using UV light in Biochemical Reactions

To use a photoacid in a wide range of biochemical applications it must fulfil certain
requirements: It should be soluble in water, have a low toxicity and be excitable with
commonly available, cheap illumination sources, such as LEDs. LEDs have several
advantages compared to more conventional illumination sources: They are more efficient,
have a long life time, a compact size, and high reliability [70]. Furthermore they can be
easily obtained and the mounting is significantly less complex than that of laser systems.
Modern LEDs allow long-term generation of irradiation with a wide range of wavelengths
available [71]. Recent advances in LED technology provide efficient light sources in
the UV and blue wavelength spectrum [72, 73, 74]. A high power 365 nm LED array
was developed in this thesis. Thus examples for the need to use high power LEDs in
biochemistry will be presented for this wavelength. An example for using high power
LEDs in research is exemplified by Hölz et al. [75] who replaced a commonly used high-
pressure mercury arc lamp by an ultra-high power 365 nm LED for use in photolithography,
offering economic and ecological advantages, as well as lower hardware costs and a very
long lifetime.

Moreover, 365 nm LEDs light can be used to degrade organic pollutants, such as malachite
green dye or diazinon, in water [76]. Also, UV radiation seems to play a role in forming
DNA- protein crosslinkings that may significantly influence bacteria inactivation in cor-
relation with light intensity used [77]. Some applications require the use of high power
illumination sources. For example to fabricate oligonucleotide microarrays (1,000 W Hg
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arc lamp was used in [78]), to extend investigations of photochemical reactions which
involve free radicals using higher light intensities or selective removal of photolabile
protecting groups [79, 80], e.g. LEDs with 3 W or higher. Furthermore, determination of
hydroxyl radical reaction rate constants can be facilitated using high power UV LEDs [81].
Due to their small size high power UV LEDs are used to design new photoreactors to
improve photocatalytic processes [82]. The previously presented examples demonstrate
that LEDs are versatile in their applications [83] and high power LEDs can be used in
many different biochemical areas.

Complex biochemical assays and their reactions are preferably run and analysed in parallel
to conduct experiments in the same environmental conditions. Combinatorial assays,
especially for chemical or biochemical applications, demand arrays that allow individual
control with high throughput possibilities and the option for automation. A standard
format is the 96 well microtiter plate [78]. Various applications, e.g. microfluidic environ-
ments, demand illumination with a specific spectrum and a certain intensity, such as 365
nm UV- light. Also, irradiation often requires to be strictly limited to a precise position.

When working with light-dependent biochemical assays, it is desirable to use an LED
array which is suitable for microtiter plates. There are some companies, that specialized
in the fabrication of such arrays, demonstrating the need and interest in them. Currently
a variety of low or medium power LED arrays in microtiter format are available with
different wavelengths [84, 85, 86, 87, 88]. Those are mainly used for cell or bacteria
cultivation. When high power UV illumination is demanded a solution of using a single
ultra high power LED to illuminate one microtiter plate homogeneously is available [89].
This does allow irradiation experiments using high power UV light, but does not offer
spatial illumination control. Thermal management and maintaining stable illumination
becomes more challenging the higher the intensities of the LEDs are. Nevertheless, the
previously listed commercial illumination devises further demonstrate the increased
usage of LEDs in a microtiter plate format in biochemistry, beyond classical illumination
purposes, such as street lights. The challenge in designing a large high power LED array
is mainly the heat management, as overheating will decrease the intensity output and
high temperatures may be opposed to the illumination task, which is e.g. a temperature
limited reaction [90]. So far, a high power LED array using UV light in microtiter plate
format is not commercially available yet.

To maintain a stable illumination heat development and LED cooling is mandatory. To
estimate the LED heat dissipation, the casing temperature TC can be measured directly
from an IR image. The TJ , which is the significant parameter for LED heat and stability
management is calculated as follows and have to be taken into account when designing
an LED array:

TJ = ΘJC ∗ PD + TC (3.3)

where TJ is the operating junction temperature in °C, ΘJC is the junction-to-case thermal
resistance in °C/W, PD the Power dissipation in W and TC the case temperature in °C
[91]. The LEDs used in this thesis have a stable output intensity to a maximum junction
temperature of 65 °C, a maximum power dissipation of 2660 mW and a junction-to-case
thermal resistance of 15 °C/W (datasheet). The power dissipation and junction-to-case
thermal resistance are constant throughout the experiment. Due to this fact it is sufficient
to consider the casing temperature only.
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3.2.2 Enyzmes

Many enzymes are specialised to work in an acidic environment and are inactive at a
neutral or alkaline pH. One example for an enzyme that is active in an acidic environment
(optimum pH 4) is pepsin. It is a very potent enzyme, which breaks down large protein
molecules into small peptides and converting almost all of the structural proteins into
soluble small molecular weight substances [92]. However, once activated by an acidic pH
the enzyme’s activity is irreversible and it irreversibly denatures at a pH of 8 [93]. For
this work robust enzymes are needed that can undergo a number of pH cycles and have a
reversible, pH dependent activity. Acid phosphatase from potato and S1 nuclease fulfil
this conditions and are used in this work. A short overview of their characteristics will be
given in the following section.

S1 Nuclease

S1 nuclease is non-specific endonuclease which is mainly active on single stranded DNA
and RNA [94]. It catalyses the degradation of single stranded nucleic acids into oligonu-
cleotides and 5’ mononucleotide, depending on the enzyme concentration.

A unit is defined as the amount S1 nuclease required to hydrolyse 1 µg of denatured DNA
in 1 minute at 37°C. It’s used to cut overhangs of dsDNA or to hydrolyse ssDNA. When
used in high concentrations it can also hydrolyse dsDNA or RNA as well as cut dsDNA
when a nick in one strand is present, ZnSO4 is essential for the enzyme’s activity. The
schematic functionality is shown in figure 3.12. The enzyme is stable and active up to
65°C [94]. It has an optimum activity at a pH of ca 4.8 and is nearly inactive at a pH of 7
and higher [95, 96].

Figure 3.12: Schematic functionality of S1 nuclease. The enzyme need zinc ions for its
reaction. The S1 nuclease removes overhangs from dsDNA and fully cleaves
single stranded DNA.

Acid Phosphatase

Acid phosphatases are enzymes of the group phosphatases. The activity optimum of
them is at an acidic pH of 4.5 - 5.5 [97]. Acid phosphatases non-specifically catalyse the
hydrolysis of e.g. monoesters to produce inorganic phosphate under acidic conditions
[98].
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The used enzyme, acid phosphatase (AP) from potato (EC 3.1.3.2) is a non-specific phos-
phomonoesterase, which can appear in multiple molecular forms of similar molecular
mass. The enzyme’s activity strongly depends on the pH. Acid phosphatase from potato is
active between pH 4-7 [99], with an activity optimum at a pH of 5 – 5.3 [97, 100]. Whereas,
at a pH of 8 the activity is several orders of magnitude lower, about 3% [1]. 50% enzymatic
activity of AP can be lost after 30 minutes at 60°C and 100% of its activity after two hours
at 70°C [101].

A standard assay to determine AP’s activity is the p-nitrophenyl phosphate (pNPP) assay
[102]. The pNPP assay is a colorimetric assay. The substrate pNPP is hydrolysed by acid
phosphatase into the product p-nitrophenol (pNP) + Pi in purified HPLC grade water:

pNPP
Acid Phosphatase−−−−−−−−−→ pNP + Pi (3.4)

The chromogenic reaction product, pNP turns yellow (λmax = 405 nm) at a pH of 12 and
can be detected using an microtiter plate reader [103].
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4 Thesis Outline

Main goal of this PhD thesis is the establishment of a new method to remotely control
biochemical applications in a non invasive manner using the pH value as a regulatory
parameter. Photoacids shall be used to achieve a photo-induced pH control. The newly
developed approach shall be faster and more economic than classical approaches, enabling
the user to control pH dependent processes optically. The thesis consists of three main
parts (I) Finding and characterizing suitable photoacids, also in respect to biochemical
compatibility (II) Development of a high power LED array (III) Combination of established
methods and establishing an assay to control an enzyme’s activity by optical pH cycling.

First part of the thesis shall be about analysing and finding a suitable photoacid. An ideal
photoacid should full fill the following conditions:

• Water soluble
• Low toxicity
• Absorption in the visible spectra at physiological pH
• High pKa(≥ 7)
• Low pK∗a (≤ 2)
• Moderately priced

A suitable light source to excite the photoacids shall and thus an optimal excitation
source shall be found. Furthermore, the magnitude of the light-induced pH jump shall be
determined.

Second part of the thesis consists in the development of a high power LED array suitable
for a standard 96 well microtiter plate format in order to allow combinatorial assays. This
is necessary to achieve a high reproducibility of the experiments, which is facilitated
by running samples in parallel. Also a reliable setup has to be established. Different
constructions and the influence of light intensities, illumination stability, as well as finding
optimum LED mounting methods shall be analysed and determined.

The last part of the thesis shall combine all three preceding parts and methods by establish-
ing a cyclic method to control the pH value and thus enzymatic activity. Suitable, robust
enzymes with a strong, pH dependent activity shall be identified and assays established.
The enzymes have to be specific in their reaction and have to tolerate strong light and
have to display a certain robustness to repeatedly pH changes. The detection method for
the enzymatic activity must not interfere with the photoacid’s spectra. Furthermore, the
enzymatic activity should not be inhibited by the photoacid. The cyclic, photo-induced,
process is sketched in figure 4.1 and is a two step procedure. First, all components are in
the dark, the enzyme is inactive at a neutral or alkaline pH value. Light is switched on, the
photoacid is excited and the liberated proton can interact with the surrounding, acidifying
it. Hence, in the second step, the enzyme gets active while the light is switched on and
the pH is lowered. When light is switched off again., the pH value returns to neutral or
alkaline and the enzyme is inactive again. The described cycle shall be repeated several
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times, reversibly switching the pH value.

Figure 4.1: Schematic mechanism of controlling biochemical applications with light. As an
example an enzyme with a pH dependent activity is chosen. This hydrolyses a
substrate in an acidic environment. In darkness the pH is 8 and the enzyme
is inactive. Upon illumination a two- stepped procedure is trigged: The pho-
toacid is excited and a proton is liberated that can interact with the aqueous
surrounding, acidifying it. The enzyme is then activated and hydrolyses the
substrate. Adapted from [104]

The whole process shall take place in solution without immobilising any of the components
to a surface.
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5 Materials and Methods

5.1 Materials

5.1.1 Photoacids

If not indicated differently all photoacids were purchased from Sigma Aldrich (Hamburg,
Germany) purity ≥ 98% (HPCE).
The following photoacids were used:

• 8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS), CAS 6358-69-6

• 2-naphthol-6,8-disulfonic Acid (G-acid) from Carbosynth Ltd, Compton, UK CAS
118-32-1

• 2-naphthol-3,6-disulfonic Acid, CAS 148-75-4

• 6-cyano-2-naphthol, CAS 52927-22-7

• 3-amino-2-naphthol, CAS 5417-63-0

• 3-bromo-2-naphthol, CAS 30478-88-7

• mPAH1 (Synthesised by and bought from ENAMINE Ltd., Kyiv city, Ukraine)

5.1.2 pH Jump

Components used to measure pH jump of photoacids are listed in table 5.1. 1mM pho-
toacid (HPTS, G-acid, R-acid and 6-cyano-2-naphthol) were illuminated for 5 minutes,
then illumination was removed.
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Table 5.1: List of chemicals and devices used to measure a photo induced pH jump

Application Device Manufacturer

pH Indicators

Bromcresol Green
(CAS:76-60-8)
Bromcresol Purple
(CAS:115-40-2)
Neutral Red (CAS: 553-24-2)
Phenol Red (CAS:143-74-8),
Cresol Red (CAS:1733-12-6),

Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany

Micro pH electrode SenTix® Mic-D
Xylem Analytics Germany
Sales GmbH & Co. KG
Weilheim, Germany

Spectrometer
High-Sensitivity
UV Spectrometer Maya

Ocean Optics
Largo, USA

Microtiter plate 96 well Microtiter plate
BRAND GMBH + CO KG,
Wertheim, Germany

Poket pH meter H138 Minilab
Hach Company
Loveland, United States

5.1.3 Irradiation Sources

LED Arrays

All devices which were used to build the different versions of the LED arrays are listed in
table 5.2.
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Table 5.2: List of used devices to build the LED Arrays

Device Technical Data Manufacturer
Medium power LED
on 1x1 cm PCB chip

0.7 W, 365 nm
All Bright International Co.
Ltd, Tainan City, Taiwan

High power LED
on 8 mm PCB chip

3 W, 365 nm
All Bright International Co.
Ltd, Tainan City, Taiwan

High power LED on 1x1
cm PCB chip

0.7 W, 405 nm
LUMITRONIX
LED-Technik GmbH,
Hechingen, Germany

High power LED
on 1x1 cm PCB chip

3 W, 405 nm
LUMITRONIX
LED-Technik GmbH,
Hechingen, Germany

Microcontroller Arduino Uno
Arduino Uno,AZ-Delivery
Vertriebs GmbH,
Deggendorf, Germany

LED driver LDD 700 L 700 mA
Meanwell Enterprises,
New-Taipeh, Taiwan

Axial fan 12 V DC, 500 mA
Conrad Electronic SE, Berlin,
Germany

Radial fans
12 V, DC,
50x50x15mm

YOTINO Co Ltd, Shenzhen,
China

Thermal conductive
adhesive tape

0.9 W/mK
Akasa Ltd, Greenford,
UK

Thermal conductive
adhesive paste

0.925 W/mK
Stars Co. Ltd., Taoyuan,
Taiwan

Thermal conductive paste 0.9 W/mK L
Conrad Electronic SE, Berlin,
Germany).

TEC1-12706
Peltier Element

60 W
Hebei I.T. (Shanghai) Co., Ltd,
Shanghai, China

TEC1-12710
Peltier elements

85 W
Hebei I.T. (Shanghai) Co., Ltd,
Shanghai, China

Transformator 12V, 30 A
Superlight Ltd, Sydney,
Australia

3D Printer Makerbot 2
Makebot Replicator GmbH,
Rheinmünster, Germany

3D printing material
Acrylonitrile
Butadiene Styrene

Makerbot Replicator GmbH
Rheinmünster, Germany

5.1.4 Chemicals

General chemicals used in the laboratory were bought from Sigma Aldrich
(Taufkirchen, Germany). TCI Chemicals (USA) or Carl Roth GmbH + Co. KG (Karlsruhe,
Germany) with the purity grade "for analysis". For gel electrophoresis SERVA DNA Stain
Clear G from SERVA Electrophoresis GmbH (Heidelberg, Germany) was used.

20



5 Materials and Methods

5.1.5 Enzymes

S1 Nuclease

10,000 units S1 Nuclease were purchased from roboklon GmbH (Berlin, Germany) in
storage buffer consisting of the following components: 20 mM Tris-HCl (pH 7.5 at 22oC),
50 mM NaCl, 0.1 mM ZnCl2and 50% (v/v) glycerol.

Acid Phosphatase

Acid phosphatase from potato type IV (EC 3.1.3.2) was purchased from Sigma Aldrich
(Germany) as lyophilized powder with 3.6 U/mg solid.

5.1.6 Oligonucleotides

All oligonucleotides used were purchased in high purity salt free HPSF or high pres-
sure liquid chromatography (HPLC) from Eurofins Genomics in Ebersberg, Germany or
metabion international AG, Steinkirchen, Germany. Oligonucleotides were dissolved as
100 µM stock solution using TE Buffer (1 mM TRIS und 0,1 mM EDTA, pH 8 at 25 °C)
or HPLC grade water. To avoid contamination and multiple thaw -freeze cycles, 10 µM
aliquods of stock solution were prepared and stored at -20°C.

5.1.7 Hardware

All used devices, which are not standard laboratory equipment are listed in table 5.3.
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Table 5.3: List of used devices

Application Device Manufacturer
Microplate reader iControl Infinite 200Pro Tecan, Männedorf, Swiss

Thermocycler
PCR Thermocycler
Mastercycler

Eppendorf, Hamburg,
Germany

Personal

Fluorimeter Qubit 2.0
Thermo Fisher Scientific,
Waltham, USA

IR camera Model Ti100
Fluke Cooperation,
Eindhoven, Netherlands

3D Printer Makerbot Replicator 2
Makerbot Replicator GmbH
Rheinmünster, Germany

Spectrometer Mini spectrometer STS-VIS
Ocean Optics
Largo, USA

Fragment Analyser 5200 Fragment Analyzer
Agilent Technologies Deutschland GmbH
Waldbronn, Germany

NanoDrop NanoDrop 2000c
Thermo Fisher Scientific (Bremen) GmbH
Bremen, Germany

Gel electrophoresis
Imaging

Fusion FX EDGE
Labtech International Ltd
Heathfield, England

Temperature Measurement 302 K/J
Omega Engineering GmbH
Deckenpfronn, Germany

5.1.8 Software

Fluke Connect Software to analyse infra red images taken by camera
Arduino IDE Software to program micro controller Arduino Uno
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5.2 Methods

5.2.1 Photoacids

Absorption and emission spectra were recorded with the Tecan Infinite® 200 PRO, which
is a multimode plate reader. Dilutions of all photo acids were done in HPLC grade water
purchases from Carl Roth GmbH + Co. KG, Karlsruhe, Germany. All absorption and
emission spectra were recorded using 100 µM photoacid, buffers used are listed in table
5.4 and were produced using HPLC grade water as a solvent.

Table 5.4: Buffers used for measuring pH dependent absorption and emission spectra of
photoacids

pH Buffer Solution

4 - 6 45 mM Citrate Buffer
7 - 9 45 mM TRIS-HCl Buffer
12 3 M NaCl

5.2.2 pH Jump

Photoacids were illuminated with illumination devices as listed in table 5.5. pH of all
photoacids used was adjusted to 7 before starting any pH measurements.

Table 5.5: List of used devices to measure a photo induced pH jump

Photoacid Illumination
HPTS 405 nm MP, HP LEDs, 450 MP, HP nm LEDs
Naphthol Derivates 365 nm HP LEDs
mPAH 450 MP, HP nm LEDs

pH indicators

First, 100 µM pH indicator were added to buffers of pH 8, 6.8, 5.9 and 4.5 with buffers as
listed in table 5.4 to an overall volume of 200 µl in a reaction tube. 100 µM pH indicator
were added to 1 mM photoacid respectively. All components were solved in HPLC grade
water. Final volume was 100 µl in a 200 µl reaction tube. Samples were illuminated
sideways with version 1 of the LED array for 1 -5 minutes.

Micro pH electrode

1 mM photoacid was dissolved in HPLC grade water in 200 µl final volume in a 200 µl
reaction tube. Samples were illuminated for different times sideways using LED array
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version 1. Micro pH electrode was dispensed into solution and pH value was measured
while photoacids were illuminated.

Fluorescence Measurements

1mM HPTS was dissolved in HPLC grade water, 200 µl was filled into a 1 ml quartz
cuvette. Sample was exited using a focussed 0.7 W 450 nm LED as a light source. Light
was coupled into the sample by using a glass fibre. Perpendicular to the sample a Maya
spectrometer was used to measure fluorescence at 512 nm. Emission was measured with a
0.1 ms resolution, which was the fastest measurement interval of the spectrometer. The
schematic setup is displayed in figure 5.1.

Figure 5.1: Schematic setup to measure absorption while HPTS is excited with a 405 nm
LED

Absorption Measurements

1mM HPTS was dissolved in HPLC grade water, 200 µl was filled into a 1 ml quartz
cuvette. Maya spectrometer was used to measure absorption at 450 nm, using a 0.7 W LED
as a light source. Light was coupled into the sample by using a glass fibre. Perpendicular,
the sample was illumined using a glass fibre coupled, focussed beam from a medium
power 405 nm LED with 0.7 W. Absorption was measured with a 0.1 ms resolution, which
was the fastest measurement interval of the spectrometer. The schematic setup is displayed
in figure 5.2.

Figure 5.2: Schematic setup to measure absorption while HPTS is excited with a 405 nm
LED. The excitation takes placed orthogonal to the absorption measurement
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5.2.3 LED Array

Materials used are listed in detail in table 5.2. All LEDs had a silicon lens with a radiation
angle of 120° and were powered by LDD700L constant current sources with a constant
current output of 700 mA, if not mentioned otherwise. The constant current sources
had built-in pulse width modulation (PWM) dimming option, allowing pulsed operation
mode with a frequency up to 1 kHz. A 5 V signal is needed to disable or enable the current
flow of the LDD700L constant current sources and thus trigger the PWM. The external 5 V
PWM signal, to control overall runtimes, in pulsed or continued mode, was generated by
a microcontroller. The schematic, how the constant current sources were connected to the
LEDs and the microcontroller can be found in the appendix, figure 8.1.

Version 1

Three LEDs on a 8 mm PCB chip were placed on a 10 cm x 1cm x 1 cm aluminium heat sink
block using thermal conductive tape. The LEDs were directly powered by a laboratory
power supply. A schematic overview of version 1 of the LED array is displayed in figure
5.3.

Figure 5.3: Schematic overview of LED array version 1, the three LEDs are mounted on a
simple aluminium block using thermal tape

Samples were in 200 µl reaction tubes which were placed into a 3D printed plate with
suitable wholes for the reaction tubes. The plate as well as the aluminium block with the
LEDs on it were then clamped and adjusted to each other on two separate stands. Samples
were illumined sideways, as shown in figure 5.4.

25



5 Materials and Methods

(a) Slanted view from above

(b) Detailed view from the right side (c) Detailed slanted view from above

Figure 5.4: Illumination and mounting of LEDs and samples using version 1 of the LED
"array". The reaction tubes are placed in a 3D printed holder mounted by one
clamp. The LEDs are mounted in the second clamp

Temperature measurement in 100 µl volume was done in a sample which was illuminated
for 5 minutes using HP 365 nm LEDs.
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Version 2.1

The next setup consisted of a simple CPU aluminium heatsink with a suitable fan, 12 V DC
and 500 mA, underneath the aluminium block. LEDs were mounted on the aluminium
block using thermal conductive double sided adhesive tape (Akasa Ltd) with a thermal
conductivity of 0.9W/mK. The tape will be further referred to as thermal tape for conve-
nience. A cavity was milled into the aluminium heat sink in which the LEDs were fixed,
as can be seen in the schematic overview. The cavity enables the user to place a microtiter
plate on top of the setup and illuminate the plate from the bottom, making the sample -
LED distance always the same and reproduceable. A schematic overview of LED array
version 2.1 can be seen in figure 5.5.

Figure 5.5: Schematic overview of LED array version 2.1, from [14]. 18 samples can be
illuminated in parallel.

The microtiter plate position had to be adjusted manually to the LEDs.

Version 2.2

Both, the thermal tape and thermal conductive adhesive paste with a thermal were used
to mount LEDs on a 20cm x 20cm x 0.05cm aluminium plate. LEDs were placed using
a 3D- printed matrix suitable to fit the wells of a 96 well microtiter plate. Underneath
the aluminium plate four TEC1-12706 Peltier Elements were coupled using thermally
conductive paste. Peltier elements were powered using a transformer. A 10x10x5 cm
aluminium heat sink was placed underneath each Peltier element. Heat sinks were actively
cooled, using a CPU fan for each heat sink. A mounting was constructed in Solid Works
and printed (Material: acrylonitrile butadiene styrene) using a 3D printer to place the
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microtiter plate above the LEDs with a distance of 8 mm. A schematic overview of the
LED array version 2.2 can be seen in figure 5.6.

Figure 5.6: Schematic overview of LED array version 2.2, from [14]. 96 samples can be
illuminated in parallel, the LED matrix matches a 96 well microtiter plate

Because of the 3D printed mounting for the microtiter plate the plate-LED distance and
position were always the same.

Version 2.3

LEDs were mounted on a 20 cm x 20 cm x 0.05 cm aluminium plate using thermal con-
ductive adhesive paste. Underneath the aluminium plate, four stronger peltier elements
TEC1-12710 were mounted and thermally coupled under the aluminium plate using ther-
mal conductive paste. Peltier elements were powered using a transformer. A 10x10x5cm
aluminium heat sink was placed underneath each Peltier element using thermally conduc-
tive paste. Heat sinks were actively cooled using a CPU fan. Furthermore, a new microtiter
plate mounting was designed and 3D- printed to allow the integration of three radial fans.
In order to avoid light scattering a crossbrace between each LED row was added. Three
radial fans were integrated to ensure a constant air flow between the microtiter plate and
the LEDs. The radial fans use a current of 0.23A and have a power of 1.8W. A schematic
overview of LED array version 2.3 can be seen in figure 5.7.
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Figure 5.7: Schematic overview of LED array version 2.3, from [14].96 samples can be
illuminated in parallel, the LED matrix matches a 96 well microtiter plate

Temperature measurement in 100 µl volume was done in a sample which was illuminated
for 5 minutes using HP 365 nm LEDs.

Intensity Mesaurements

LED intensities were analyzed using an STS-VIS miniature spectrometer (Ocean Optics,
Ostfildern, Germany). An adapter which fits exactly in one well of a standard 96 well flat
bottom microtiter plate and the mini spectrometer was designed. The dimensions of a
standard microtiter plate are 127.71 mm x 85.43 mm (LxW), detailed dimensions are listed
in a manual by the supplier of microtiter plates used (Brand GmbH, Wertheim, Germany)
[23][23]. The microtiter plate was placed on top of the LED array and the adapter was fixed
on the microtiter plate lid while intensities were measured. Emission intensities of LEDs
were at 365 nm, while the LEDs were switched on in three cycles for 5 minutes continuous
illumination. LED intensities were recorded using U= 3.4 V as the LED forward voltage
and 700 mA per LED. "On time" of each LED was 5 minutes continuous illumination
which was recorded for 3 cycles with 1.5 minutes "off time" between each cycle. A photo of
how LED emission intensity were measured with the mounted microtiter plate is shown
in figure 5.8.
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Figure 5.8: Schematic overview of LED emission intensity measurement setup, adapted
from [104].

Important Note: LEDs used, emit strong UV light, thus that eye shield protection and skin
protection must be worn at all times when working with high power UV light.

5.2.4 Enzymatic assays

Average temperature was measured in 100 µl volume was done in a sample which was
illuminated for 5 minutes using HP 365 nm LEDs (for Version 1 and version 2.3).

S1 Nuclease

S1 nuclease requires an acidic environment to cut nucleic acids. Supplied 5x reaction
buffer contains: 150 mM sodium acetate (pH 4.6 at 25°C), 1.4 M NaCl, 5 mM ZnSO4. The
storage buffer is 20 mM Tris-HCl (pH 7.5 at 22°C), 50 mM NaCl, 0.1 mM ZnCl2 and 50 %
(v/v) glycerol [94]. Aliquots of 10 µl were produced and stored at -20 °C. All Samples that
were not illuminated were incubated at 37°C.

Nomenclature of samples used are listed in table 5.7. Sample names, final concentrations
with their corresponding sample abbreviation are:

Table 5.6: Overview of sample concentrations and abbreviations

Sample Concentration Abbreviation
70mer ssDNA 21 ng / µ l ssDNA
S1 Nuclease 1 U/ml S1
Reaction Buffer 1x RB
Acetate Buffer 45 mM AB
Thermopol Buffer 45 mM TP
ZnSO4 1 mM Zn
HPTS 1 mM HPTS
G-acid 1 mM G-acid
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Table 5.7: Overview of final sample compositions

Sample Name ssDNA S1 RB AB TP Zn HPTS G-acid
pH 8.8 x x x
RB pH 4.5 x x
AB pH 4.5
pH 4.5

x x x

S1 pH 8.8 x x x x
S1 RB pH 4.5 x x x
S1 pH 8.8 x x x x
S1 AB pH 4.5 x x x x
HPTS pH 4.5 x x x x
S1 + HPTS pH 4.5 x x x x x
HPTS pH 8.8 x x x x
S1 + HPTS pH 8.8 x x x x x
G-acid pH 4.5 x x x x
S1 + G-acid pH 4.5 x x x x x
G-acid pH 8.8 x x x x
S1 + G-acid pH 8.8 x x x x x

Standard Assay

First, the standard assay, supplied by the company roboklon GmbH was conducted:
1 x reaction buffer, with the 70mer single stranded oligonucleotide with the following
sequence:

5’-ATGCCGCTCATCCGCCACATATCCTGATCTTCCAGATAACTGCCGTCA
CTCCAGCGCAGCACCATCACCG - 3’

was incubated at 37°C for 10 minutes using 1 U/µl enzyme. Amount of single stranded 70
mer oligonucleotide was quantified using the fragment analyser with the standard broad
range kit assay. Relative fluorescence units were recorded.

Next, reaction buffer from supplier was replaced using 30 mM pH 4.5 acetate buffer and
1 mM ZnSO2. Samples were incubated at 37°C for 10 minutes using 1 U/µl enzyme.
Amount of single stranded 70 mer oligonucleotide was quantified using the fragment anal-
yser with the standard broad range kit assay. Relative fluorescence units were recorded.
Controls are incubated in pH 8.8 thermopol buffer from Sigma Aldrich.

Inhibition by Photoacids

After establishing the standard assay, the reaction buffer was replaced using acetate buffer
adjusted to pH 4.5 by titration NaOH and HCl into the buffer, also ZnSO4 was added
separately. The adjusted assay conditions were: 40 mM acetate buffer, 1 mM ZnSO4, 1 u/
µl S1 nuclease and 21 ng / µl 70 mer oligonucleotide. The inhibition of S1 nuclease by
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photoacids was tested by adding 1 mM photoacid. The experiments were conducted with
HPTS and G-acid. Assay conditions were 40 mM acetate buffer, 1 mM ZnSO4, 1 U/µl S1
nuclease and 21 ng/µl ssDNA 70 mer oligonucleotide and 1 mM photoacid. Negative
controls with acetate buffer were adjusted to a pH of 8.8 using 3M NaOH.

Illumination Assay

Samples were illuminated for 10 minutes continuously with the following assay conditions:
1 mM ZnSO4, 1 u/ µl S1 nuclease and 21 ng / µl 70 mer oligonucleotide and 1 mM
photoacid, pH of 1 mM photoacids was adjusted to pH 4 by adding HCl / NaOH. For the
excitation of G-acid a 365 nm LED, 0.7 W was used. For HPTS a 405 nm LED, 1W was
used. For gel- electrophoresis Serva DNA Stain Clear G was used. It has an excitation
maximum at 490 nm [105] and is excited at 470 nm using the Fusion FX EDGE for gel
electrophoresis imaging.

Acid Phosphatase

Acid phosphatase from potato was stored at -20 °C. For each experiment acid phosphatase
(AP) was prepared freshly in cold HPLC grade water, as recommended by supplier. Stock
concentration was 30 u/ml, this was further diluted to the enzyme concentration needed
for the experiment. All experiments were conducted at 40°C.

Standard Assay

Standard assay was conducted with 100 µM pNPP, and a low and a high acid phosphatase
concentration respectively. Low acid phosphatase concentration was 0.12 U/ml and high
acid phosphatase concentration was 0.21 U/ml. Experiments were conducted in 45 mM
citrate acid buffer with a pH ranging from 4 - 6.5. All experiments were conducted with
100 µl per well and stopped with 100 µl 3 M NaOH after the incubation time, resulting
in an overall volume of 200 µl per well. For blank, enzyme was added after 100 µl 3 M
NaOH. Samples were incubated for 1-10 mins and stopped each minute.

Inhibition by photoacid

Assay was conducted with 100 µM pNPP, 700 µM G-acid and low and high AP concen-
tration respectively. Experiments were conducted in 45 mM citrate acid buffer with a pH
from 4 - 6.5. All experiments were conducted with 100 µl per well and stopped with 100
µl 3 M NaOH after the incubation time, resulting in an overall volume of 200 µl per well.
For blank, enzyme was added after 100 µl 3 M NaOH. Samples were incubated for 1-10
mins and stopped each minute.
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Illumination Assay

Sample illumination was done using the self-constructed LED array, version 2.3, suitable
for a 96 well plate format as described in section 5.2.3. Assay conditions were as following
for low concentration AP and high concentration AP: 100 µM pNPP, 700 µM G-acid and
0.12 U/ml AP and 100 µM pNPP, 700 µM G-acid and 0.21 U/ml AP in a final volume of
100 µl. Different illumination conditions were tested. All assays had an overall incubation
time of 10 minutes and a light exposure time of 1-5 minutes. Samples were left in dark
after illumination to an overall time of 10 minutes each. Reaction was then stopped
using 100µl 3 M NaOH. Following illuminations were tested: a) Continued illumination
with a light exposure time of 1-5 minutes b) Cycled illumination with 1 minute on – off
alternatingly with 1-5 minutes light exposure time) Cycled illumination with 0.5 minutes
on-off alternatingly with 1-5 minutes’ light exposure time. Starting pH for all samples was
8.1- 8.3. Negative controls were left in dark at a pH of 8.1 - 8.3 for 10 minutes. Product of
the enzymatic reaction, p-Nitrophenol, was detected by measuring the absorption in a 96
well microtiter plate with a total volume of 200 µl /well at 405 nm using a plate reader
Infinite 200 PRO® (Tecan, Männedorf, Switzerland).
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6 Results

6.1 Identi�cation of Suitable Photoacids

First, pH dependent absorption and emission spectra of all photoacids and buffers used
were recorded to determine suitable absorption peaks in the UV-VIS spectra. If not referred
to otherwise all samples had a concentration of 100 µM.

6.1.1 Bu�ers

Absorption spectra of buffers used for experiments were analysed. All buffers absorb in
the UV region only until ca. 360 nm, independent of their pH (Fig.6.1).
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Figure 6.1: pH dependent absorption spectra of pure buffers, as described in table 5.4.
Buffer absorption does not change with the pH value and the absorption
spectra for the different pH values overlap
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6.1.2 HPTS

HPTS has two absorption peaks in the range between 280 - 500 nm. The absorption
depends on the pH value. The first absorption peak at acidic pH values from 4-6 (de-
protonated form) is at 405 nm. The second at neutral to alkaline pH values from 7- 12
(protonated form) is at 450 nm. The isosbestic point is at 415 nm (Fig. 6.2).
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Figure 6.2: pH dependent absorption spectra of 100 µM HPTS, dissolved in buffers, as
described in table 5.4. HPTS strongly changes its absorption from pH 4 to 12:
For acidic pH (4-6) the absorption peak is at 405 nm, this shifts to 450 nm for
neutral to alkaline pH (7-12)

6.1.3 G-Acid

G-acid absorbs mainly in the UV region until ca. 410 nm. The photoacid has a pH
dependent absorption with a peak at 365 nm at alkaline pH values ranging from pH 8-12.
The peak at 365 nm is highest at a pH of 12. At ca. 320 nm a change in absorption spectra,
dependent on the pH, can be observed: The absorption also rises with the pH (Fig. 6.3).
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Figure 6.3: pH dependent absorption spectra of 100 µM G-acid, dissolved in buffers, as
described in table 5.4. G-acid changes its absorption from pH 4 to 12: A peak
at 365 nm and 320 nm is visible for alkaline pH values

6.1.4 R-Acid

R-acid has a similar absorption spectra as G-acid. The absorption is pH-dependent and
mainly in the UV spectra, reaching into the visible spectrum until ca 410 nm. A peak at
365 and 320 nm nm is present at alkaline pH values from 9-12, being the highest at a pH
of 12. The absorption peak at 365 nm is lower for R-acid than it is for G-acid (Fig. 6.4).
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Figure 6.4: pH dependent absorption spectra of 100 µM R-acid, dissolved in buffers, as
described in table 5.4. R-Acid changes its absorption from pH 4 to 12: A peak
at 365 nm and 320 nm is visible when at alkaline pH values (9-12)

6.1.5 6-Cyano-2-Naphthol

The absorption spectra of 6-cyano- 2-naphthol is strongly pH dependent. The naphthol
derivative has an absorption peak at ca 300 nm for acidic pH values from 4-5. The second
absorption peak at ca 325 nm is present at pH values 9 and 12 (Fig. 6.5).
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Figure 6.5: Absorption spectra of 100 µM 6-cyano- 2-naphthol, dissolved in buffers, as
described in table 5.4. The absorption is strongly pH dependent, a peak at 325
nm and a shoulder is present at ca. 355 nm (pH 8-12). For acidic pH (5-4) a
peak at 300 nm can be observed

6.1.6 3- Amino-2-Naphthol

The absorption of 3-amino-2-naphthol is also pH dependent. It hat two pH dependent
absorption peaks, the first being at ca 330 nm at acidic pH values 4-5. The second is
at ca 340 nm at a pH of 12. The photoacid absorbs in the UV region until a maximum
wavelength of ca 360 nm (Fig. 6.6).
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Figure 6.6: pH dependent absorption spectra of 100 µM 3-Amino-2-naphthol, dissolved in
Buffers, as described in table 5.4. The absorption peak shifts from ca. 330 nm
(pH 4) to 340 nm (pH 12)

6.1.7 3-Bromo-2-Naphthol

The absorption of 3-bromo-2-naphthol is pH dependent. It has a pH dependent absorption.
The photoacid absorbs in the UV region until a maximum wavelength of ca 380 nm. The
peak at 350 nm is visible at pH 12 (Fig. 6.7).
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Figure 6.7: pH dependent absorption spectra of 100 µM 3-bromo-2-naphthol, dissolved in
buffers, as described in table 5.4. With alkaline ph values a peak at ca 350 nm
appears.

6.1.8 mPAH1

Absorption spectra of mPAH1 were recorded in different solvents: HPLC grade water,
100 % methanol and 100 % ethanol. When solved in HPLC grade water the absorption
spectra displays a peak at 340 nm, 420 nm and at 520 nm. Sample illuminated for 2
minutes has the same absorption spectra as mPAH in HPLC grade water in darkness.
When illuminated for 10 minutes with two different distances the absorption spectra
shifts slightly and absorption is lower at 420 nm. It does not make a difference whether
the sample is illuminated with 1cm distance between LEDs and sample or 0.1cm (Fig.
6.8). As mPAH1 was originally dissolved and tested in methanol by the group who first
synthesised it (see reference [6]), the same was done here to test if absorption changes
would occur when choosing methanol as a solvent.
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Figure 6.8: Absorption spectra of 100 µM mPAH1, dissolved in HPLC grade water. Sam-
ple was illuminated for 2 and 10 minutes using HP 405 nm LEDs. When
dissolved in water no significant absorption change is observed, regardless of
the illumination time

mPAH 1 was dissolved in 100 % methanol. The peaks are partially red-shifted when
compared to the spectra where mPAH1 was dissolved in HPLC grade water. The first
peak is at ca 350 nm, the main peak is at 420 nm and the third peak at 520 nm. When
the sample is illuminated for 2 minutes the absorption lowers indicating a conformation
change. Sample was also illuminated for 10 minutes. This increased the downward shift
in absorption intensity (Fig. 6.9). To further test alcohols as a solvent for mPAH1, it was
also dissolved and illuminated in ethanol.
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Figure 6.9: Absorption spectra of 100 µM mPAH1, dissolved in methanol. Sample was
illuminated for 2 and 10 minutes using HP 405 nm LEDs. When dissolved in
methanol a significant absorption shift can be observed: The peak at 410 nm
decreases further with longer illumination times

Absorption spectra for mPAH1 was now recorded with ethanol as a solvent. Here the
metastable photoacid has an absorption peak at ca. 345 nm and an absorption peak at 450
nm. When being illuminated the peaks shift: The absorption of the 450 nm peak lowers
significantly and a new peak appears at ca. 320 nm after two minutes illumination time
(Fig. 6.10).
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Figure 6.10: Absorption spectra of 100 µM mPAH1, dissolved in ethanol. Sample spectra
was recorded before illumination (blue) and after two minutes illumination
(orange) using HP 405 nm LEDs. Absorption significantly changes upon
illumination, indicating a conformation change of mPAH

6.1.9 pH Jump

pH indicators

PH indicators were tested without the addition of photoacid to determine the best pH
indicator with a significant colour change between the pH values 4.5- 8. Cresol red has
almost no colour shift in the range of pH 8− 4.5, just as mCresol purple. Phenol red has a
slight colour shift from reddish at pH 8 to a more yellowish appearance at pH 4.5, neutral
red has a significant colour change from pH 8 (orange) to pH 6.8 -4.5 (red). Strongest
colour change is observed for neutral red (Fig. 6.11).
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(a) Cresol red (b) mCresol purple

(c) Phenol red (d) Neutral red

Figure 6.11: Colour change of different pH indicators at different pH values in buffers
as listed in table 5.4. The pH value of each buffer is listed above the tubes
respectively. Only neutral red has a significant pH shift in the desired pH
region

As the analysed pH indicators did not show a significant colour change in the desired pH
region alternative pH indicators ,bromcresol purple and bromcresol green, were analysed
the same way. Bromcresol purple has a significant, multicoloured pH change from blue
(pH 8) to purple (pH 6.8) to yellow (pH 5.9-4.5) and pink when the pH is 0. When mixed
with 1 mM HPTS the colour changes are neutralized and pH values from 8-4.5 all appear
light green to yellow. Bromcresol green has a colour change from blue (pH 8-5.9) to green
(pH 4.5) and to yellow (pH0). When mixed with 1 mM HPTS the colour change is from
green (pH 6.8) to light blue (pH 5.9) to light green (ph 4.5), see figure 6.12.
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(a) Bromcresol purple (top) and bromcresol purple +
1mM HPTS (bottom)

(b) Bromcresol green (top) and bromcresol green +
1mM HPTS (bottom)

Figure 6.12: Colour change of different pH indicators at different pH values in buffers as
listed in table 5.4 with and 1mM HPTS. Both indicators display a significant
colour change in buffer at different pH values. However only bromcresol
Green still changes its colour significantly when 1 mM HPTS is added.

As bromcresol green was the only pH indicator with a significant colour change from pH
7 to 4.5 it was chosen to continue illumination experiments using bromcresol green. As a
control, bromcresol green solved in HPLC grade water was illuminated for one minute.
Starting pH was set to pH 7. No colour change of bromcresol green before and after
illumination is observed (Fig. 6.13).
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Figure 6.13: Bromcresol green before and after 1 minute illumination with 405 nm HP
LEDs dissolved in HPLC grade water, pH before illumination was adjusted
to pH 7

To test the pH change upon illumination, when photoacid is present bromcresol green
together with 1 mM HPTS was illuminated for one minute with a starting pH of 7.5 using
HP 405 nm LEDs. The colour changed from blue (pH 7.5) to a light green, indicating a pH
change to about 4.5. (Fig. 6.14).

Figure 6.14: Bromcresol green + 1mM HPTS before and after 1 minute illumination with
405 nm high power LEDs dissolved in HPLC grade water, pH before illumi-
nation was adjusted to pH 7.5. After illumination the colour changes to a
light green, indicating a pH change to about 4.5
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The same samples were left in darkness for three minutes and the colour change was again
recorded. The colour changed from light green after illumination to a darker green after
the sample was kept in darkness for 3 minutes. This indicates a rise of the pH value to a
pH between ca. 6.8 - 5.9. (Fig. 6.15).

Figure 6.15: Bromcresol green + HPTS before 1 minute illumination (left) and bromcresol
green + HPTS after 1 minute illumination with 405 nm high power LEDs dis-
solved in HPLC grade water and 3 minutes dark time. pH before illumination
was adjusted to pH 7. The green of bromcresol green gets darker, indicating
that the pH is returning to ca 6

Micro pH electrode

First, response time of the pH micro electrode was measured in 100 mM and 1 mM buffer,
as listed in table 5.4. The pH electrode was dipped into one buffer until pH value was set.
Then pH electrode was directly dipped into the other buffer. An overview of the response
time from pH 8 to pH 4 and from pH 4 to pH 8 in different buffer concentrations is listed
in table 6.1. For all measurements using the pH micro electrode the micro electrode was
calibrated. As per manufacturer data sheet (Xylem Analytics Germany Sales GmbH &
Co. KG), the error margin is ± 15 mV at room temperature and a pH change by one unit
corresponds to a voltage change of 59.16 mV, also at room temperature. Hence, absolute
error due to the measurement device is ca. 25 % per pH unit, when measuring pH value
at room temperature, as done in conducted experiments.

Table 6.1: pH micro electrode response time in different buffer concentrations. The re-
sponse time of the pH micro electrode rises when the buffer concentration is
lower

pH 8 to pH 4 pH 4 to pH 8
100 mM buffer ca. 20 sec ca. 20 sec
1 mM buffer ca. 40 secs ca 40 secs

The response time of the pH micro electrode doubles with the lower buffer concentration,
thus the response time of the electrode is ca. 40 seconds for the following experiments
where 1 mM photoacid is used. This has to be taken into account for the online pH
measurements using the micro electrode. Afterwards, the influence of irradiation intensity
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was tested on HPTS using a) medium power 405 nm LEDs and b) high power 405 nm
LEDs. Starting pH was ca. 7.3, samples were illuminated until pH lowered to ca. 6.6, time
was measured in seconds until pH 6.6 was reached (Fig.6.16).

Figure 6.16: pH change over time of 1mM HPTS dissolved in HPLC grade water when
being illuminated with 405 nm medium power (MP) LEDs and with 405 nm
high power (HP) LEDs. Starting pH of both samples is ca. 7.3. Illumination is
removed after pH 6.6 is reached.

PH change from ca 7.3 to ca. 6.6 took ca. 270 seconds (4.5 minutes) when medium power
LEDs were used as an illumination medium. This also seems to damage the photoacid, as
the reverse progress when light is switched off using MP LEDs is significantly slower than
the reverse process when HP LEDs are used. This is also implied by results in figure 6.18.
The same pH change was achieved in ca. 60 seconds when using HP LEDs as illumination
source. Next, influence of HPTS concentration on pH change was analysed (Fig. 6.17).
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Figure 6.17: pH change over time of 1mM HPTS dissolved in HPLC grade water when
being illuminated with 405 nm high power (HP) LEDs and 0.5 mM HPTS.
Starting pH of both samples is ca. 7.3. Illumination is removed after pH 6.8
is reached and is switched back on after pH 7.2 was reached while samples
are in dark. The higher concentration can be cycled quicker than the lower
photoacid concentration. Water, as a control, does not significantly change
pH value upon illumination

PH change from 7.3 to 6.8 was achieved 3 times when using 1 mM HPTS and 2 times
when using 0.5 mM HPTS in an overall time of ca 7 minutes. Thus the pH change can
be achieved faster when using a higher concentration of photoacid. Furthermore, both
photoacid concentrations can be used to cycle the pH value, using light as a controlling
mechanism. Water was illuminated by 405 nm HP LEDs and pH was measured as a
control. Water does not change the pH significantly when being illuminated.

After testing the light intensity influence on the pH cycling, the influence of light exposure
time was tested. Two illumination times with MP LEDs and 1 mM HPTS were tested.
The magnitude of the pH jump is 0.62 when HPTS is illuminated for 5 minutes and 2.63
when illuminated for 10 minutes. The pH value returns to ca 7.3 for the sample that was
illuminated for 5 minutes, but does not significantly rise again for the the sample that was
illuminated for 10 minutes (Fig. 6.18). Thus a maximum of 5 minutes light exposure time
was chosen for all following experiments.
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Figure 6.18: pH change over time of 1mM HPTS dissolved in HPLC grade water when
being illuminated with 405 nm MP LEDs for 5 minutes and 10 minutes
illumination time. When being illuminated for 10 minutes HPTS does not
return to the original value of ca. 7.3 but does stay at ca. 4.5, indicating a
photo destructive process when being illuminated too long

A similar experiment was conducted for the naphthol derivatives: Samples starting pH
was ca. 7.3 - 7.5, samples were illuminated for 5 minutes, using the found optimized
parameters: Maximum of 5 minutes illumination time and HP 365 nm LEDs. The pH
change over time while samples were illuminated for 5 minutes and light was switched
off afterwards is recorded. HPLC grade water, as a control, did not change the pH over
time significantly. Neither did 6-cyano-2-naphthol. R-acid does change the pH from ca. 7
to 6.5 and stays at this pH value, also when irradiation is removed and thus does not seem
to be reversible. G-acid’s pH significantly lowers when illuminated from 7.3 to ca 4.8 in 5
minutes light exposure. the pH returns to pH 7 in ca. 600 seconds (10 minutes), see figure
6.19. Thus G-acid seems to be the most suitable photoacid of the naphthol derivatives. All
further experiments are continued using HPTS and G-acid as those photoacids could be
optically controlled to reversibly changed pH value.
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Figure 6.19: pH change over time of 1mM G-acid, R-acid and 6-cyano-2-naphthol dis-
solved in HPLC grade water when being illuminated with 365 nm high
power LEDs. Starting pH of all samples is ca. 7.1- 7.4. Illumination is re-
moved after 5 minutes. As a comparison pH of HPLC grade water is also
recorded under same conditions.

Absorption and Fluorescence Measurements

To develop an alternative method of the pH change over time, fluorescence and absorption
measurements were conducted. When excited with 405 nm HPTS has a strong fluorescence
with a peak at 512 nm (Fig. 6.20). The excitation with 405 is near the isosbestic point at 410
nm.
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Figure 6.20: Emission spectrum of 1mM HPTS in TRIS- HCl buffer at a pH of 7. Sample
is excited at 405 nm for 10 minutes using HP LEDs, however no change
in emission can be detected over this period of time, indicating that this
measurement method is not suitable to detect an online pH change

HPTS has a strong, pH dependence fluorescence depending on the excitation wavelengths,
the wavelength of the detector is set to 512 nm. HPTS exhibits a strong , pH dependent
fluorescence with a maximum at 512 nm. The emission intensity depends on the pH value
and the excitation wavelength: When excited at 405 nm the fluorescence increases with
decreasing pH, if excited in at 450 nm, the fluorescence increases with increasing pH.
Maximum emission only differs in intensity, the emission peak of 512 nm does not shift
(Fig. 6.21).
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Figure 6.21: pH dependent excitation of 1mM HPTS in TRIS- HCl and citrate buffer,
detection wavelength is set to 512 nm. Depending on th pH, the fluorescence
is either stronger when excited at 400 nm (pH 4) or when excited at 450 nm
(pH 5-8)

A cuvette was illuminated and used for the absorption and fluorescence measurements
to detect a pH change by recording (a) the absorption at 450 nm while exciting HPTS in
the cuvette using a high power 405 nm LED and (b) by recording the fluorescence at 512
nm while exciting HPTS using a high power 405 nm LED. The fluorescence intensity at
512 nm, as well as the absorption at 450 nm was recorded over time, but no change could
be detected for both. The cuvette’s sample volume could not be fully illuminated using
the applied techniques (Fig. 6.22), which might be a reason. If the cuvette is not fully
illuminated the photoacid itself serves as a buffer.
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Figure 6.22: Illumination of HPTS to record fluorescence and absorption spectra when
illuminating with 405 nm high power LEDs. Cuvette could be only par-
tially illuminated with the chosen setup. 405 nm is used for excitation for
fluorescence measurement and 450 nm is used to record absorption

Next, as the second suitable photoacid G-acid was chosen to be tested the same way. G-acid
also has a strong, pH dependent fluorescence when excited at 365 nm. The fluorescence
with a peak at 475 nm decreases with decreasing pH value. It is at it’s maximum at pH 9
for the recorded spectra (Fig. 6.23).
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Figure 6.23: pH dependent rmission spectra of 100 µM G-acid, dissolved in buffers, as
described in table 5.4. Excitation wavelength is 365 nm. The emission has its
peak at ca 475 nm and significantly lowers with the pH value

However, G-acid turned out to exhibit very strong photobleaching. This was tested by
illuminating G-acid using 365 nm HP LEDs for 5 minutes. The fluorescence was recorded
using a mini spectrometer on top of the setup, as displayed in figure 5.8. 1 mM G-acid
looses more than 40 % of its original fluorescence signal within 5 minutes light exposure
time in TRIS-HCl ph 8 buffer (Fig. 6.24).
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Figure 6.24: Photobleaching of G-acid recorded when being illuminated for 5 minutes
using 365 nm HP LEDs. G-acid was dissolved in 45 mM pH 8 TRIS-HCl
buffer to keep pH stable and losses more than 45 % of its fluorescence during
this illumination time

Thus, due to its strong photobleaching G-acid is unsuitable for online pH measurement,
where it is mandatory to detect a decreasing fluorescence with decreasing pH.

6.2 Development of a High Power LED Array

LEDs were mounted in two different ways in the LED array prototype development:
Using thermally conductive adhensive tape and thermally conductive adhensive paste.
The influence of the LED mounting method on temperature development was analysed.
Used were thermal conductive tape and thermal conductive paste, as described in section
5.2.3. Afterwards the influence of the mounting method on the LED light intensity and
LED heat management was analysed.

6.2.1 LED mounting and Cooling

LEDs were mounted with thermal conductive tape in version 2.1 and version 2.2. In LED
array version 2.3 all LEDs were mounted using thermal adhesive paste. Influence of the
mounting methods is visualized by IR images as shown in figure 6.25.
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Figure 6.25: Temperatures recorded using a IR camera while LEDs were switched on for
5 minutes. Images are taken from (a) version 2.1 (mounted with thermal
tape), (b) version 2.2 mounted with thermal tape (left) and mounted with
thermal paste (right), (c) version 2.3 mounted with thermal paste and with
radial fans turned on. Clearly the mounting method has an influence on the
LED temperature: LEDs mounted with thermal tape are overheating whereas
LEDs mounted with thermal paste have a temperature from 40 - 60 °C

There is a clear correlation between the mounting method and the casing temperature of
the LEDs: In version 2.1 (Fig. 6.25 (a) ) all LEDs were mounted using thermally adhesive
tape. LED casing temperature is 122°C or higher. In version 2.2 LED mounted with
thermal adhesive tape (Fig. 6.25 (b) left) have an average temperature of ca. 90°C. When
mounted with thermal adhesive paste (Fig. 6.25 (b) right), the temperature lowers to an
average of ca. 60°C. In version 2.3 only thermal adhesive paste was used (Fig. 6.25 (c)).
The average LED temperature is ca. 40°C. Generally, temperature could be lowered to an
average of ca. 40°C after 5 minutes irradiation time for version 2.3 (see figure 6.26), thus
this prototype was finally used for later experiments.
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Figure 6.26: Temperatures recorded using a IR camera of version 2.3 with radial fans
turned on

The LED casing temperature is directly correlated to LED intensity stability: When LEDs
overheat the intensity is not stable and drops significantly. The intensity drop over time (5
minutes) is recorded and analysed in the next section in order to obtain reproduceable
illumination intensities.

6.2.2 Light Intensity and Heat Management

The light intensities over time of LED array version 2.1-2.3 changes, depending on the
cooling efficiency of each setup (Fig. 6.27), which was analysed in the previous section.
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Figure 6.27: Light intensities recorded of (a) version 2.1, (b) version 2.2 , (c) version 2.3
without radial fans turned on and (d) version 2.3 with radial fans turned
on. It is clearly visible, that in version 2.1 the intensity drops due to LED
overheating. This is reduced in version 2.2 where LEDs are fixed with thermal
paste. A stable illumination intensity is achieved when LED array version 2.3
is used and radial fans are switched on

The mounting method influences the LED light intensity as a consequence. For version
2.1 (Fig. 6.27 (a)) the intensity loss over 5 minutes continuous illumination is ca. 20% -
25%. Also, a 4% intensity drop can be observed during each cycle. This loss was slightly
reduced to an average of 18% in version 2.2 (Fig. 6.27 (b)), where the emission intensity
was recorded when LEDs were fixed with thermal conductive adhesive paste. Due to the
stronger cooling of the peltier elements and the thermally more efficient fixing method in
version 2.2, the thermal management improved and the intensity losses due to self-heating
decreased. The long- term downward drifts disappear and LEDs alternately overheat and
cool, resulting in intensity fluctuations and 2% output loss in each cycle when measuring
at maximum intensity in each cycle. Ca 3% scattering light can be measured as a side effect,
when neighbouring LED rows were switched on, for both version 2.1 and version 2.2. This
is indicated by the arrows in figure 6.27 (a) and (b). Scattering light was suppressed by
using crossbraces version 2.3 (Fig. 6.27 (c) and (d)). Without radial fans switched on in
version 2.3 the long-term intensity drop was 8% (Fig. 6.27 (c)) . This was reduced to 3%
when radial fans were on (Fig. 6.27 (d)). The average output loss from cycle to cycle was
reduced to ca. 0.5%. LED mounting with thermal tape and thermally conductive paste
both resulted in homogeneous temperatures for all three setups.

Apart from the LED illumination stability, the temperature reached inside each well of
the microtiter plate is also important when conducting enzymatic reactions. Enzymes are
temperature dependent, thus the influence on the sample temperature was analysed next
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when LEDs are switched on for 5 minutes. In LED array version 2.1 the temperature rises
from 22 °C to 63°C peak temperature after 5 minutes exposure time (Fig. 6.28).
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Figure 6.28: Temperature recorded for 10 min while HP LEDs were switched on for 5
minutes and switched off afterwards for 5 minutes in 100 µl sample volume
in a microtiter plate placed on LED array version 2.1

The same measurement was done for the LED array version 2.3 with the more efficient
cooling method. For LED array version 2.3 the temperature was measured for 3 ON/OFF
cycles of 7 minutes, respectively.
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Figure 6.29: Temperature recorded for 3 cycles while HP LEDs were switched on for
approximately 7 minutes and switched off afterwards for 7 minutes in 100
µl sample volume in a microtiter plate placed on LED array version 2.3. The
temperature rises to a maximum of 32°C for each cycle.

In the first illumination cycle the temperature rises from 20°C to ca. 31°C while sample is
illuminated. The temperature lowers to ca 22°C and rises to ca. 32°C in the second cycle.
From there the temperature lowers again in the dark time to ca. 22°C. In the third cycle
temperature rises from ca. 22°C to ca. 32°C while the sample is illuminated. The average
temperature rise during illumination was lowered from ca. 43° in LED array version 2.1
while sample was illuminated to ca. 12 °C in LED array version 2.3, (Fig. 6.29). Thus LED
array version 2.3 was successfully developed and is used for future biochemical reactions
in this thesis.

All in all, three prototypes were developed in this thesis of which version 2.3 was finally
used for successful experiments. An overview of the developed LED arrays is given in
figure 6.30.
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(a) Version 2.1

(b) Version 2.2

(c) Version 2.3

Figure 6.30: Development of 3 prototypes in CAD design (left) and a photograph of the
actual setup (right)

6.3 Establishment of Enzymatic Reactions Using Photoacids

This section analyses the establishment of enzymatic assays using photoacids. First
of all, standard enzymatic assays are conducted and then compared to assays when
photoacid is added. Finally illumination assays are established using both, the enzyme
and photoacid.
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6.3.1 S1 Nuclease

An overview of the nomenclature of samples and its respective composition can be found
in section 5.2.4.

Standard assay

The assay conditions are summarized in tables 5.6 and 5.7. First of all the standard assay
using the reaction buffer of Roboklon GmbH was optimized. Assay conditions are listed
in section 5.2.4.

Figure 6.31: S1 Nuclease in a standard assay using the recommended reaction buffer by
supplier. pH values 8.8 and 4.5 are compared. The enzyme has a very low
activity at pH 8 (17 %) and is fully active at pH 4. When no enzyme is present
the fluorescence at a pH of 4.5 in reaction buffer is slightly reduced to 83 %.
Experiments are conducted in triplicates (n=3)

The following assay conditions using the reaction buffer of the provider were found after
optimization: 30 mM sodium acetate, 28 mM NaCl, 1 mM ZnSO4, 1 U/µl S1 nuclease and
21 ng/µl 70 mer oligonucleotide. S1 nuclease is only slightly active at an alkaline pH of 8.8
(Fig. 6.31). At a pH of 4.5 the enzyme fully hydrolyses the ssDNA. The fluorescence signal
of the ss DNA RB + 4.5 sample without S1 nuclease present is almost 20% lower than the
negative control at pH 8.8 To avoid possible proton scavenging by the reaction buffer it
was exchanged for acetate buffer, zinc needed for reaction was added. See table 5.7 for
assay concentrations. A comparison of the assays is done between the original supplier
reaction buffer and the "self made" acetate buffer with added zinc.
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Figure 6.32: Comparison of S1 nuclease activity in 1x reaction buffer (RB) from supplier
vs. 45 mM acetate buffer (AB) + 1 mM ZnSO4 added for samples containing
acetate buffer. The fluorescence signal of ssDNA only with the two different
buffers is nearly equal, S1 nuclease has an activity of 17 (%) at a pH of 8.8.
When using 1x RB S1 nuclease activity is 100 % and 99 % when using AB.
Experiments are conducted in triplicates (n=3)

There is almost no difference between S1 nuclease activity when using supplied 1x reaction
buffer or acetate buffer. The enzyme is inactive at a pH of 8.8 and fully hydrolyses ssDNA
in reaction buffer (RB) and 99 % ss DNA in acetate buffer (AB) (Fig. 6.32). Thus acetate
buffer with added zinc can be used to exchange reaction buffer. After establishing the
standard assay the effect of photoacid on the enzyme was tested next.

Inhibition by Photoacids

Potential inhibition of S1 nuclease by photoaids HPTS and G-acid was tested. Negative
controls were adapted to a pH of 8.8 using 3M NaOH. Acetate buffer was replaced when
photoacids were present and the pH was adjusted to either 8.8 or 4.5 using 3M NaOH or 1
M HCl.
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Figure 6.33: Potential inhibition of S1 nuclease by 1 mM HPTS and 1 mM G-acid. Only
ssDNA in AB at pH 4.5 is taken as reference. When S1 is present 100% ssDNA
is hydrolysed, also when photoacids are present. When HPTS and ssDNA are
prensent in the sample at pH 4.5 the fluorescence is reduced to 63%, indicating
that HPTS might damage or influence the ssDNA measurement. When G-acid
and ssDNA only is present the fluorescence at a pH 4.5 is reduced to 79%,
indicating a potential ssDNA damage as well. S1 nuclease has a maximum
activity of 86% when pH is 8.8, also when photoacids are present. Experiments
are conducted in triplicates (n=3)

Up to 1 mM photoacid did not inhibit the S1 nuclease’s activity. This was true for both,
HPTS and G-acid. ssDNA only at a pH of 4.5 was taken as a control. Positive control with
S1 nuclease at pH 4.5 fully hydrolysed ssDNA. The fluorescence signal of ssDNA with
4.5 and 1 mM HPTS was ca. 40% lower than ssDNA only at pH 4.5. The enzyme fully
hydrolysed ssDNA when 1 mM HPTS was present. For samples containing 1mM HPTS
at a pH of 8.8 no hydrolysis was detected when S1 nuclease was present compared to
negative controls without enzyme at a pH of 8.8 containing HPTS. The same is true for
samples containing G-acid (Fig.6.33). As the enzyme is not inhibited in its activity at a pH
4.5 by both photoacids, next step is to establish an illumination assay to regulate the pH
value by light using the photoacids as proton donors.

Illumination Assay

All samples were adjusted a starting pH of 8.8 before illumination using 3M NaOH.
Samples were illuminated for 1 or 10 minutes. A signal decrease of ca. 18% illuminating
HPTS and sDNA alone is observed. This rises to more than 80% when the sample is
illuminated for 10 minutes . When S1 nuclease is present the signal decreases to ca. 15%
when illuminated for 1 minute and to ca. 12% when illuminated for 10 minutes. Signal
of samples in the dark with an incubation time of 10 minutes at a pH of 8.8 resulted in a
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decrease of ca 18% when only HPTS and ssDNA is present. When HPTS and S1 nuclease
is present with ssDNA at a pH of 8.8 signal decreases to ca 75% (Fig. 6.34). These results
indicate, that photoacid seems to damage the ssDNA when illuminated.

Figure 6.34: S1 nuclease with 1 mM HPTS illuminated for 10 min. An L indicates "Light",
a D indicates "Dark" serving as negative controls. The fluorescence signal of
ssDNA with HPTS only significantly decreased when samples are illuminated.
This is also true when S1 nuclease is present. This indicated a ssDNA damage
when samples are illuminated together with HPTS. Negative controls at a
pH of 8.8 in Darkness are 83 % when ssDNA and HPTS are present and 77 %
when S1 Nuclease, ssDNA and HPTS are present. Experiments are conducted
in triplicates (n=3)

Alternatively, as second method to control results from the fragment analyser (Fig. 6.34),
the illumination assay was carried out again and a gel electrophoresis was used. The
used dye for gel electrophoresis (Serva DNA Stain Clear G) is excited at 470 nm where
HPTS also absorbs. Samples with HPTS had a very strong fluorescence and could not be
analysed using gel electrophoresis with Serva DNA Stain Clear G. Thus, only the fragment
analyser is suitable to analyse samples containing HPTS of the tested devices.

The same experiment was repeated using G-acid. Analysis using G-acid in gel- elec-
trophoresis is possible, when exciting samples at 470 nm. These results confirm the results
from the illumination assay with HPTS (Fig. 6.34). The ssDNA seems to be hydrolysed
by the combination of photoacid and light. The light-hydrolysis in combination with a
photoacid happened with both photoacids used (Fig. 6.35).
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Figure 6.35: ssDNA after 10 minutes incubation or illumination time with G-acid in gel-
electrophoresis. An "L" indicates light, a "D" indicates darkness. Results
obtained with the fragment analyser and HPTS are confirmed by this gel-
electrophoresis: ssDNA degrades when illuminated for 10 minutes and pho-
toacid is present. When samples are in darkness (D) ssDNA is clearly visible
in the gel, without and with enzyme

To confirm ssDNA degradation when illuminated with photoacid, rising G-acid concen-
trations were illuminated for 10 minutes together with ssDNA of the same concentrations.
ssDNA degraded proportionally to G-acid concentration when samples are illuminated for
10 minutes with 365 nm HP LEDs. When no photoacid is present and ssDNA is exposed

67



6 Results

to UV 365 nm light, survival rate is at ca 95 % (Fig. 6.36).
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Figure 6.36: ssDNA survival rate with different G-acid concentrations after 10 minutes
illumination time

6.3.2 Acid Phosphatase

As a second approach to control enzymatic activity with light acid phosphatase was
chosen. To avoid DNA degradation an absorption assay was chosen using pNPP, which is
hydrolysed to pNP by acid phosphatase. pNP has an absorption peak at 405 nm at pH
12. Two enzyme concentrations were tested using 100 µM pNPP. The substrate absorb in
the UV region until ca 375 nm. Both enzyme concentrations (0.12 U/ml - AP low and 0.21
U/ml - AP high) absorb less in the UV range than pNPP. Both enzyme concentrations also
absorb slightly until 375 nm. G-acid has a peak at 340 nm and absorbs most at 365 nm at a
pH of 8.3 (Fig. 6.37). As the absorption of G-acid is higher at 365 nm than that of the other
components, G-acid seems to be suitable to use for an assay establishment. HPTS was
excluded from this experiments due to its strong absorption at 405 nm - the absorption
peak at 405 nm needed to detect the enzymatic reaction product was covered be HPTS
absorption.
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Figure 6.37: Absorption spectra of all components used at pH 8.3. orange line: 0.12 U/ml
acid phosphatase (low AP), green line: 0.21 U/ml acid phosphatase (high
AP), blue line: 100 µM pNPP, red line: 700 µM G-acid. G-Acid has the highest
absorption at 365 nm and can thus be excited in this region.

All of the following absorption measurement were obtained at 405 nm at a pH of 12 and
in an overall volume of 200 µl.

Standard Assay

First of all a standard assay was established and inhibition of 700 µM G-acid was tested for
both enzyme concentrations. Acid phosphatase is not inhibited by G-acid. G-acid causes a
slight increase by ca. 0.14 absorption units for all incubation times and both concentrations
(Fig. 6.38). Inhibition was tested in a standard assay in 45 mM pH 5.5 citric buffer.
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Figure 6.38: Acid phosphatase incubated for 10 minutes in a standard assay with and with-
out G-acid to demonstrate that acid phosphatase is not inhibited by G-acid.
The assay is conducted with a high and low acid phosphatase concentration.
Slight increase in absorption at 405 nm can be detected. Experiments were
conducted using triplicates (n=3)

Citric acid buffer was exchanged for HPLC grade water and pH dependent activity of
acid phosphatase was recorded for different pH values by adjusting the sample pH value
using 3 M NaOH or 1 M HCl. The low AP concentration has it’s optimum activity at a
pH ranging from 5-5.5. The activity is lower at a pH of 4-4.5 and further decreases with
increasing pH. At a pH of 8 there is no significant activity (Fig. 6.39).
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Figure 6.39: Acid phosphatase kinetic 0.12 U/ml + 100 µM pNPP + 700 µM G-acid incu-
bated in 45 mM citrate acid buffer at pH values from 4 – 6.5. The optimum
activity is at pH 5-5.5, acid phosphatase is nearly inactive at pH 8. Experi-
ments were conducted using triplicates (n=3)

High AP concentration also has it’s maximum activity at a pH of 5-5.5 and is generally
higher than the low AP concentration. The activity lowers at a pH of 4-4.5 and further
decreases with increasing pH. There is no significant activity at a pH of 8 (Fig. 6.40).
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Figure 6.40: Acid phosphatase kinetic 0.21 U/ml + 100 µM pNPP + 700 µM G-acid incu-
bated in 45 mM citrate acid buffer at pH values from 4 – 6.5. The optimum
activity is at pH 5-5.5, acid phosphatase is nearly inactive at pH 8. Experi-
ments were conducted using triplicates (n=3)

After successfully testing that AP is not inhibited by G-acid and recording the enzyme
kinetics, illumination assays were established using 700 µM G-acid, 100 µM pNPP and the
high and low AP concentrations. Also the inhibition of the enzyme by UV light only was
tested in the next step.

Illumination Assay

Inhibition of AP by 365 nm HP LED UV light was tested. Both enzyme concentration
were incubated in 45 mM pH 5.5 citric acid buffer. Samples were illuminated for the first 4
minutes incubation time, LEDs were then switched off. A slightly lower activity of acid
phosphatase when exposed to UV light can be detected. The decrease for both enzyme
concentrations is ca. 0.5 absorption units (Fig. 6.41) in contrast to the assays conducted
under the same conditions without illumination. As the illumination with UV light did
not significantly hamper the AP activity, an illumination assay in which the pH value is
controlled by optical means using photoacid is established.
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Potential Acid Phosphatase Inhibition by UV- Light

Figure 6.41: Testing irradiation influence on the enzymatic activity in a standard assay in
citrate acid buffer at pH 5.5. Samples were illuminated starting until 4 minutes
incubation time, illumination was then switched off. A slight decrease in
AP activity is observed when compared to the assays conducted in darkness.
Experiments were conducted using triplicates (n=3)

Continuous Illumination

Samples were illuminated for 0-5 minutes. Starting pH of all samples was adjusted to 8.3
and overall incubation time for all samples was 10 minutes (Samples were left in darkness
after illumination time to an overall time of 10 minutes). Acid phosphatase is not active
at a pH of 8 in darkness for both enzyme concentrations. A slight rise in absorption due
to UV irradiation in absence of enzyme is recorded. When samples are exposed to UV
light activities correlate to enzyme concentrations: The activity is lower for the low AP
concentration and is higher for the high AP concentration (Fig. 6.42).
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Figure 6.42: Absorption at 405 nm vs. exposure times 1 – 5 min at 365nm. The overall in-
cubation time for all samples is 10 minutes (Samples are left in darkness after
illumination to an overall incubation time of 10 minutes). Enzyme concentra-
tions were low AP concentration (0.12 U/ml) and high AP concentration (0.21
U/ml) and a control without enzyme. L indicates light; D indicates absence
of illumination (darkness). The enzyme is not active in darkness for both
enzyme concentration. When illuminated the enzyme activity is proportional
to the light exposure time. A slight UV hydrolysis can be observed in absence
of enzyme due to the UV irradiation. Experiments were conducted using
triplicates (n=3)

For continuous illumination the enzyme activity is proportional to the light exposure
time, as the pH is lowered while the photoacid is excited. As a next step, samples were
illuminated in cycles with switching times of one minute and 30 seconds and compared
with the continuous illumination in the following sections. This shall prove that the
enzyme activity is dependent on the light exposure time only, regardless if the light is
applied continuously or in a cycled manner. The overall illumination time is still the same
as for the continuous illumination.

Cycled Illumination

Light exposure time was the same as in the continuous illumination assay, this time
varying the switching sequence. Hence the illumination was now cycled. Two switching
times were chosen: 1 minute and 0.5 minutes. The enzyme activity is the nearly the same
and within the error margins for all three types of illumination for both AP concentrations
(Fig. 6.43).
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Figure 6.43: Comparison between continuous light vs. cycled exposure times. Absorption
was measured at 405 nm, exposure was at 365 nm from 1- 5 minutes with
an overall incubation time of 10 min for all samples. Enzyme concentrations
were low (0.12 U/ml) and high (0.21 U/ml). CW = continuous illumination;
cycled 0.5 and cycled 1 indicates switching times of 30 seconds vs. 1 min.
To better compare the results of the illumination assay using continuous
illumination are displayed in the figure again. Experiments were conducted
using triplicates (n=3)
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Goal of this thesis was to optically and reversibly control the pH value using photoacids
and establish and assay in which the pH dependent activity of an enzyme could be
switched on and off photoactively. In order to achieve a photoinduced pH control, three
partial goals had to be established: 1. Analysing and characterizing a suitable photoacid
which can be reversibly controlled optically. 2. Develop a versatile, adaptable experimental
setup, which provides the optical photoacid control is solely done by automatically
controlled LED irradiation switched in suitable, short illumination intervals. This setup
must ensure that factors, such as temperature, do not interfere in switching the photoacid.
3. Demonstrate the optical, reversible pH cycling by using photoacids in an example:
The pH-dependent enzyme activity is optically controlled in a non- invasive manner
by a photo-induced, reversible pH jump. Factors that influence the assay and obtained
results from this thesis will be discussed, compared with literature values and reasons for
selections done will be given in the following sections.

7.1 Photo-induced pH Jumps Using Photoacids in

Biochemical Applications

Depending on the application, a suitable photoacid has to chosen. Important parameters
to be considered are:

• Possible ∆pH (pH jump)

• pH jump control

• pH jump duration

• Illumination sources (intensity, wavelength)

• Photoacid’s absorption spectra (pH value dependent)

• Solubility in water

• Biological compatibility / toxicity

Magnitude of the photo-induced pH jump

The ∆pH is defined by the ∆pKa (equation 3.1). The larger the difference between the
ground state and the excited state, the larger the expected pH jump. A summary of
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∆pH of photoacids used in this work is given in table 3.1. One group of photoacids with
a significantly large ∆pH is called "Super photoacids" [52, 49, 7]. The used photoacid
6CN2 is also considered to be in this group. Due to its large ∆pH 6CN2 seems the most
promising photoacid for biological applications. However it has not been used for pH
jumps experiments yet. Only ESPT studies have been conducted with this photoacid
and its pH-dependent absorption spectra have not published. Hence, establishing pH
jumps experiments to determine the ∆pH in a solvent as water was first goal of this thesis.
HPTS, G-acid, R-acid, 6-cyano-2-naphthol and mPAH were chosen to be tested for pH
jumps experiments. Their pH-dependent recorded absorption spectra were suitable to be
excited with available high power LEDs. Thus these photoacids (HPTS, G-acid, R-acid,
6-cyano-2-naphthol and mPAH) were chosen for further analysis. The remaining two
photoacids were excluded due to their absorption below 360 nm. Taking the previously
done ∆pH considerations into account G-acid, 6CN2 and mPAH are expected to induce
the largest pH jump due to their large ∆pH. However, no photo-induced pH change for
6CN2 could be measured by the applied techniques. This was also true for R-acid: A pH
change upon illumination from pH 7 to 6.5 was recorded. However, when irradiation was
removed, the pH did not rise again but stayed at ca. 6.5. The largest ∆pH by 2.52 units
was detected for G-acid after 5 minutes irradiation and 0.62 for HPTS. The experiments to
determine the ∆pH were conducted using a micro pH electrode.

Alternatively, pH indicators, such as bromcresol green, can be used for a second-order
diffusion controlled reaction to measure the actual ∆pH achieved in solution: The photo-
induced proton ejected from a photoacid changes the formation of the pH indicator and
allows a spectroscopic determination of pH change. This was demonstrated by Gutman
et al. [11, 13]. They showed that aqueous solutions could be acidified on a microsecond
scale by exciting the photoacids HPTS and G-acid, using a short 347.2 nm laser pulse of 50
ns. The absorption change in bromcresol green (BCG) was detected perpendicular to the
excitation at 632.8 nm (using a continuous He-Ne laser) or at 442 nm (using a He-Cd laser).
The maximum ∆pH measured by Gutman et al. was 1.91 pH units from 6.2 (dark) to 4.29
(excited) for HPTS. Maximum pH jump achieved for G-acid was 4.14 units from 8.6 (dark)
to 4.46 (excited). The achieved pH jump in this work might have been larger, if the volume
was stirred, as done by Gutmann et al. As the bottom of the microtiter plate was used
for illumination by the LED array and the top had to stay open in order to pipette, start
or stop reactions, a stirring mechanism could not be implemented. This way the process
relies on diffusion alone. However, the pH jump induced by the method in this thesis is
still significant.

Using bromcresol green and HPTS, a colour change could be achieved by continuous
LED illumination. However no online absorption detection was established. These were
first experiments to test the photoacids functionality when using LEDs with continuous
illumination as an excitation source (see section 6.1.9). Excitation in free solution using
LEDs has not been done yet in literature. Hence this was a good test to see if the intended
illumination system would suffice. A local pH change using surface-bound HPTS was
achieved by a research group using LEDs. The photoacid (HPTS) was, fixed on silica
nano-wires [35]. The group measured a local alteration of surface-bound HPTS by using
a continuous low powered LED illumination (650mW for 400 nm LED). The magnitude
of pH jump was ca 0.3 from 7.1- 6.8 and could locally trigger the activity of the enzyme
pepsin.

Two outcomes were demonstrated in this work: 1. pH can be decreased by using LEDs
as an irradiation source, no laser system is needed. 2. This is possible in solution and
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no photoacid surface-binding step is necessary. Establishing an enzymatic assay in free
solution has the advantage that a higher photoacid concentration can be used in contrast
to a system where the photoacid is surface bound. Moreover it is a less complex approach
where possibly no pre-treatment, such as surface binding, is required. On the other hand,
when being fixed on a surface, the enzyme is not influenced by inhibiting factors and the
photoacid does not potentially compete with the enzyme’s substrate.

Furthermore, the pH jump can be measured by the established method using a micro pH
electrode with a response time of ca. 20 -40 seconds in 200 µl volume. The established
method greatly facilitates the pH jump measurement. This is not as accurate or fast as
the previously discussed method using a spectrometer (ns scale), however it is sufficient
for the intended biochemical applications (minute scale). Enzymes with a strong pH-
dependent activity, such as S1 nuclease, pepsin or acid phosphatase, are active in a certain
pH range. Their activity has a pH optimum, but is not limited to this very certain pH
value alone [95, 34, 1].

Besides using a pH micro electrode, an optical approach for detecting a decreasing pH
upon illumination was conducted. HPTS has a very strong, pH-dependent absorption and
fluorescence. Hence, the photoacid can function as both: a pH indicator and a photoacid
(see section 5.2.2 for experimental setup). Tested measurement in this thesis used a
spectrometer to record the absorption and fluorescence changes upon HPTS illumination.
However, this approach could not be established successfully. No changes in absorption or
fluorescence were observed. Cuvette volume could not be fully illuminated in this process,
which might be a reason. Testing G-acid with the same method was not possible, as
G-acid undergoes strong photobleaching in the process of continuous illumination. Online
pH measurement using spectroscopic methods could have been further optimized and
established in this interdisciplinary project. However, it would have involved a complex
optical setup with high-end spectrometers, which were not available in the institution and
establishing a physically correct detection method was hardly possible considering given
conditions. As the main goal of this thesis was to establish a photo-controlled enzymatic
reaction it was decided to continue using biochemical methods, such as a pH electrode.

Apart from the reversible photoacids, it is also possible to induce an optical pH jump
using metastable photoacids [2, 106]. The mPAH, also tested in this work, could achieve
a pH jump of ca 1.7 from 6 to 4.7 in aqueous surrounding containing 10% DMSO and
was determined by change in spectra following literature [63]. The spectra change could
be reproduced in this work when using methanol or ethanol as a solvent. The photo-
induced spectra change could not be achieved using HPLC grade water as a solvent alone.
Methanol and ethanol are both unsuitable solvents for an enzymatic reaction, as they are
inhibitory or lethal for the enzyme [107]. Hence the metastable photoacid was excluded
for further experiments.

Control of pH jump

The magnitude of the pH jump can be influenced by choosing the optimum excitation
wavelength and light exposure time. This is important for using photoacids in biochemical
application, as not necessarily the largest possible pH jump shall be induced. Further-
more the magnitude of the pH jump can be influenced by changing either the photoacid
concentration or the light intensity by which the photoacid is excited, thus enhancing the
excitation yield [11].
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Theoretically more protons can be emitted by the photoacid upon excitation when more
photoacid is present. A more effective pH jump by enhancing the concentration from
0.1 mM to 1 mM HPTS is measured and displayed in figure 6.17. However, the PA
concentration cannot be increased arbitrary, due to the following fact: One excitation-
recombination Förster Cycle of the photoacid takes place on the scale of µs (section 3.1).
Hence, only a certain amount of photoacid can be excited in this time. If more is present
in solution the PA itself will serve as a buffer, when more molecules are present in the
ground state. Moreover the first layer of photoacid will block the light for layers behind
in a certain volume. Hence, it is important to take the volume, as well as its distribution
into account. Preferable is a thin solution layer to lower light absorption effects in the
volume. In addition,the concentration of many photoacids in water is limited by their
solubility in aqueous media [63]. These facts influence the biochemical assay design
as well. Components must be chosen in correct concentrations and buffering effects,
layer thickness, sample carrier (microtiter plate, Petri dish, cuvette) and other hampering
influences, such as absorption of used materials must be taken into account. To reduce
proton scavenging by assay components lowest possible concentrations were chosen.

The illumination length also corresponds to the magnitude of the pH jump. When HPTS
was illuminated for 10 minutes the magnitude of the pH jump was increased from 0.62 (5
minutes illumination time) to 2.63 (10 minutes illumination time). The increase of the pH
drop with the excitation intensity is consistent with results observed in literature [11, 13].
However, when the sample was illuminated for 10 minutes the pH did not return to its
original starting pH. Presumably the reversible photoacid undergoes a photo destructive
oxidation process when the exposure time or excitation intensity surpasses a certain
limit. The destruction of photoacids, when being illuminated for 10 minutes could also
be observed as a change in colour for both, G-acid and HPTS. G-acid changed its colour
from transparent to beige and HPTS from bright yellow to yellow-orange. This process
could not be prevented by adding reducing reagents, such as ascorbic acid, neither. All
in all, due to their absorption characteristics, the possible pH jump and the compatibility
with tested enzymes HPTS and G-acid seem to be the best choice of tested photoacids,
although absorption and fluorescence spectra have to be considered. HPTS could not be
used for the experiments conducted in this thesis, due to its strong fluorescence cause by
irradiation with visible light. This hampered analysing methods applied.

Biocompatibility

It is desirable to use a photoacid with a high pKa0 to achieve a pH jump starting in a
neutral or alkaline environment. The starting pH must not be higher than the pKa0 of the
proton emitter, otherwise the photoacid itself will function as a buffer and thus the number
of liberated protons is reduced [11]. G-acid (pKa0 = 8.29) is suitable for experiments with a
starting pH of 8 and higher, whereas HPTS (pKa0 = 7.7) is not. Furthermore an absorption
of the photoacids in the visible or UVA spectra is desirable as many enzymes, as well as
DNA, are damaged when irradiated with UVB light [108]. HPTS was already used in
enzymatic reactions and does not inhibit the enzyme pepsin [35]. This was confirmed by
experiments conducted in this work. Both enzymes used were neither inhibited by G-acid
nor by HPTS. Apart from suitable absorption spectra and characteristics of the photoacids,
also the absorption properties of all used components for an assay should be taken into
account. An overlap in absorption of used assay compounds with the absorption of the
photoacid will decrease the yield of protons emitted by the photoacids, as absorption for
the photoacid is lowered by other compounds used. Buffer absorption do not interfere
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with absorption bands of photoacids for the experiments conducted.

7.2 Use of an LED Array to Control Biochemical Reactions

When starting to establish reactions using photoacids, the system was not stable. No
reproducible results could be obtained by using the first illumination setup, version 1
(see section 5.2.3). This setup used two mounting stands, one holding the LEDs, the
other holding the samples. The alignment of these two stands inevitably slightly changes
with each experiments, after the samples and the LEDs have been placed into the clamps.
Biochemical reactions are very complex and depend on many parameters. Hence, exper-
iments had to be parallelized in order to achieve comparable results. As a high power
LED array is not commercially available, a development of it was mandatory in this
thesis. With the developed array, suitable for a standard microtiter plate, comparable
results with low error margins were finally achieved with LED array version 2.3. Using
this automated, micro controller regulated setting, a rapid prototyping development was
possible, facilitating making quick adoptions to the system. Several characteristics of the
LED array will be discussed in the following section.

Temperature Influences

Enzymatic assays are usually strongly temperature dependent [109, 110, 111] or an enzyme
can be inactivated by heat [112, 113, 114]. Thus it is important to take heat development
caused by the illumination source into account. Apart from this, the pH measurement is
also affected by temperature [115], e.g. when measured at room temperature a pH of 7
would change to ca. 6.63 when measured at a temperature of 50°C. This pH shift would
significantly change the the activity of an pH-dependent enzyme.

This becomes even more demanding, when a microtiter plate is mounted on top of
the LEDs, further enhancing heat accumulation effects. It is also important to note that
suppression of scattering light might influence neighbouring samples. LEDs have a typical
conversion efficiency of ca. 25% [75], when operated with a forward current of 700 mA and
a forward voltage of 3.4 V, which corresponds to a thermal dissipation of 2.38 W per LED;
summing up to a power of 228.48 W for the 96 LED array. As each LED is mounted on an
8 mm PCB chip this leaves a small surface of 50 mm² per LED. Thus an efficient thermal
management is required, especially because both, the radiant flux and lifespan of LEDs
are inversely related to its temperature. To analyse the influence of the mounting method
of the LEDs, infra-red (IR) images were recorded (see section 6.2), using an IR camera.
The junction temperature is directly proportional to the casing temperature, which can be
measured by IR images. Using IR imaging as a method to obtain the surface temperature
was chosen, as this was shown to be an accurate measurement [116]. Radiation emitted
from the LEDs typically has a very low influence, as LED surfaces are fairly small and
surface temperatures are relatively low (below 150°C) and are negligible [117, 118].

Temperatures using version 1 were not recorded as the results were not reproducible.
As a consequence the development of the LED array versions 2.1- 2.3 was started. Even
though, the thermal tape and the thermal conductive adhesive paste used for mounting
the LEDs have very similar thermal conductivity, TC is significantly higher when LEDs
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are mounted using the tape. In version 2.1 TC of ca. 122 °C was measured. In version
2.2, TC could be lowered to ca. 92 °C using the thermal tape and cooling the setup by
peltier elements. The improved LED stability, using peltier elements for cooling, was also
demonstrated by Hoelz et. al using a HP 365 nm LED cooled by a peltier element [75]. The
temperature increase in 100 µl sample could be decreased from 44 °C (version 2.1) to 10 °C
(version 2.3) during 5 minutes illumination time. To take the temperature rise into account
positive controls of enzymatic assays were incubated at the average temperature measured
during illumination periods. Heat management was finally successful by optimizing
the mounting method (thermal conductive paste), external active LED cooling (peltier
elements) and a lateral airing, using radial fans, in order to avoid heat accumulation
between the LEDs and the microtiter plate.

Stability and Intensity

As mentioned in the paragraph before, LED temperature is directly correlated with the
emitting light intensity and stability [90]. An increase in temperature is to be avoided for
both, samples and LEDs at all costs in order to minimize the influence on the enzymatic
assay.

Recorded LED intensities for version 2.1-2.3 were measured (Fig. 6.27). For version
2.1 the intensity loss over 5 minutes continuous illumination was ca. 20% - 25%. The
intensity loss is due to self- heating of the LEDs. Such a large intensity drop over 5 minutes
illumination would influence the reproducibility of an enzymatic assay greatly. This loss
was slightly reduced to an average of 18% in setup 2.2, where the emission intensity was
recorded when LEDs were fixed with thermal conductive adhesive paste. Due to the
stronger cooling of the Peltier elements and the thermally more efficient fixing method in
setup 2.1, the thermal management improved and the intensity losses due to self-heating
decreased. The long- term downward drifts disappear and LEDs alternately overheat
and cool, resulting in intensity fluctuations and ca. 2% output loss in each cycle when
measuring at maximum intensity in each cycle. Ca 3% scattering light can be measured
as a side effect, when neighbouring LED rows were switched on. Scattering light was
suppressed by using crossbraces in version 2.3. Without radial fans switched on in setup 3
the long-term intensity drop was 8% . This was reduced to ca. 3% when radial fans were
on. The average output loss from cycle to cycle was reduced to 0.5%. LED mounting with
thermal tape and thermally conductive paste both resulted in homogeneous temperatures
in all three setups. Thus the thermal conductivity of both products seems consistent.

Finally a stable illumination could be achieved for this thesis and error margins in trip-
licates from the measured values of enzymatic assays could be reduced to an average
of ca 2 %. Taking the large LED emission intensity drop of ca 25 % into account, it is
not surprising that results were not comparable using the first LED array versions at the
beginning. As the intensity is inversely proportional to the square of the distance from the
illumination source it is crucial to ensure a constant illumination-sample distance for all
experiments conducted. This is implemented in all setups by either a milled LED cavity
or a 3D designed microtiter mounting.

In contrast to the LED array by Axion BioSystems [88], which offer LED arrays for up to
48 wells, the designed LED array offers illumination for a full 96 well format with 365 nm
irradiation. Also, the array offers spatial control and not only a homogeneous irradiation
of a single ultra-high power LED, as offered by Prixmatix Ltd [89]. The LED array can be
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adapted to versatile assays, e.g. by exchanging LEDs to be able to illuminate with different
wavelengths. Furthermore, LED intensities, as well as illumination times can be easily
controlled and programmed by a simple and cheap microcontroller with the possibility
to operate each LED row in different frequencies and runtimes. An example, of how the
microcontroller (Arduino Uno) could be programmed is attached in the appendix.

7.3 Controlling Enzymatic Reactions Using a Photoacid

Restrictions in Enzyme Selection

First of all, to successfully establish a pH-dependent, enzymatic assay a suitable enzyme
with a strong pH-dependent activity has to be selected. Pepsin for example is an enzyme
with a sharp pH profile, however it belongs to the group of zymogen enzymes. Hence
it is activated once by a pH drop, but does not reverse to inactivity once the pH rises.
For activating zymogen enzymes a PAG would be a good choice. Adding to that pepsin
is permanently inactivated once th pH reaches 8 or higher [34]. Thus enzymes need to
have a pH activity that reversibly changes with the pH value to demonstrate the desired
photo-induced enzymatic activity control of this work. Hence potential enzymes used
must be relatively robust, not be damaged by the illumination source or chosen light
intensity. Nor must the photoacid itself inhibit the enzyme. However, inhibitory effects of
photoacids on enzymes was not an issue for both enzymes tested.

Moreover the enzyme has to be preselected in terms of reaction time which is needed to
establish and analyse an enzymatic assay: It must not surpass a certain time frame. As
mentioned earlier too strong or too long illumination does destroy the photoacid and
the pH control is no longer reversible. Additionally the application itself determines the
choice of photoacid and enzyme. Maybe there are situations in which only short, defined
(enzymatic) reactions (ns-µs scale) shall be photo- controlled in contrast to controlling a
longer enzymatic activity (minute scale). Apart from the enzymatic reaction time itself, it
is also important to consider diffusion phenomena in solution. Impact of diffusion can be
reduced by integrating a mixing aperture, by ensuring a very homogenous illumination
and thin sample layers. Those phenomena could be further analysed significantly reducing
system size, making a more detailed, separate analysis possible.

Buffering components from enzyme storage buffer might lower the assays efficiency by
scavenging photo-induced, liberated protons of the photoacid. Hence, it is advisable
to buy lyophilized powder with low buffering components or work with pure enzyme,
e.g. by dialysing it from stock buffer. Alternatively, if the enzyme purification step shall
be avoided, it is also possible to buy high enzyme stock concentrations. Thus, a high
dilution can be done for final experimental concentrations. This will reduce the buffering
component related influences in the final assay.

Considerations for Enzymatic Assay Establishment

In order to achieve a significant pH change compounds used in the enzymatic reactions
must be carefully chosen and optimized in concerns of proton scavenging. Buffering
effects should be examined not only for the enzyme selection, but for all components
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used. They should have a low pKa to reduce buffering effects for the pH jump and should
preferably not absorb in the photoacid’s excitation region. Materials used in the assay
(microtiter plate, cuvette, Pertri dish) must be tested in terms of their absorption properties
as not to reduce excitation light yield by absorbing at the excitation wavelength.

When establishing an enzymatic assay, analysing and detection methods for positive
controls and results should be compatible with the photoacid. When working with ssDNA
or dsDNA detection is often done by fluorescence assays using intercalating dyes and
the photoacids fluorescence must not interfere with the fluorimetric DNA quantification
assay. The Qubit™ ssDNA Assay Kit, which was also used to detect ssDNA digestion for
S1 nuclease experiments in this thesis, is measured with the Qubit® 2.0 fluorometer. The
fluorometer quantifies using the intercalating dye, which is then used in a fluorescence
assay, exciting the samples at 450 nm and quantified the amount of ssDNA present in the
sample. HPTS exhibits a much stronger fluorescence than the intercalating dye when being
excited at 450 nm. This allows a standard measurement following the Qubit™ ssDNA
assay impossible when HPTS is used. Also, HPTS is not suitable for uses with DNA
detection dye in gel- electrophoresis. The excitation wavelength is 490 nm, where HPTS is
still excited and emits a strong fluorescence. The only suitable device for analysing assays
containing HPTS was the fragment analyser by Agilent Technologies Deutschland GmbH.
In a DNA assay, HPTS can be removed from the samples by filtering the sample using spin
columns or magnetic beads. However, using the short 70mer ssDNA oligo in this thesis,
the yield after filtration was too small to obtain any significant results. This might be an
option for assays with a different approach or longer oligonucleotides though. Sometimes
measurements were not possible at all, because sample concentration was too low to be
measured. G-acid could be used with all detection methods except NanoDrop detection,
which is an absorption test at 260/280 nm, where both photoacids absorb, distorting the
obtained results. Generally G-acid seems to be the more suitable photoacid to establish
complex assays.

Moreover, it is important to test the assay to photo destructive processes. While PAG,
mPAH and PAH are compatible and have been used with enzymes and biological com-
pounds [2, 35, 1] without or only slight inhibition, use with ssDNA is rather unexplored.
As shown in this thesis the used 70mer ssDNA was undergoing a destructive process
when illuminated with HPTS or G-acid. The light irradiation itself or only the photoacids
in darkness did not harm the used ssDNA. A reason could be, that the photoacid in-
tercalate in the DNA structure and directly influence and destroy the structure upon
proton release. However, it was demonstrated that ordered ssDNA structures, such as
the i-motif form, can be switched by pH cycling [65] using a photobase. The ssDNA was
present in an organized, stable structure. Even though it degraded continuously with the
number of pH switching cycles as well. Hence, assays using (short), unstructured ssDNA
oligonucleotides seem to be unsuitable for enzymatic assays using a photoacid.

In contrast to the experiment using S1 nuclease, the assay using pNPP for acid phosphatase
was more suitable. The compounds used here were not significantly degrade by sample
irradiation containing photoacid. pNPP also undergoes a slight hydrolysis when combined
with G-acid and UV- light. However this is not significant compared with the enzymatic
activity. HPTS absorbs strongly at 405 nm. This is also the absorption of the reaction’s
product pNP, which is the reason why experiments in the acid phosphatase assay were
conducted with G-acid only. A substrate lack of pNPP is observed when measuring the
acid phosphatase activity 6.3.2. The lack occurs due to the assay composition: If a higher
pNPP concentration was chosen, the buffering effect of pNPP was too strong, thus the
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substrate concentration had to be reduced to 100 µM.

Light-controlled Assays

Using a photo-induced pH jumps in light-controlled assays was successfully conducted
before. For example by enhancing bacteria killing when using a photoacid to change
the pH value [2]. Another example is HPTS that was fixed on a surface together with
the enzyme pepsin on silica nanowires [35]. Both of the previous assays were not in free
solution, but with the photoacids and other components fixed on a surface or infused into
a gel. In this thesis an assay was established with all components in solution.

A light-controlled assay using a PAG in free solution was conducted by Kohse et al [1].
The activity of acid phosphatase could be successfully triggerd by irreversibly inducing
one pH jump and then record enzymatic activity over time. The assay established here,
successfully implemented a reversible pH control to reversibly control enzymatic activity
of acid phosphatase. In all enzymatic assays in this thesis end point measurements for
enzymatic activity detections were used. Enzymatic reaction was stopped after different
reaction times. This requires a reliable method to stop enzymatic activity to be able to
obtain time resolved results.

Hence it would be advantageous if an online assay could be developed7 to online track
enzymatic activity or the pH jump or, ideally, both in parallel. The established online
pH measurement using a pH micro electrode could not be done as the sample volume
had to be reduced to 100 µl in the microtiter plate. Otherwise no effective assay could
be established. However, 100 µl in a microtiter plate is not enough volume to measure
the pH using the micro pH electrode. Establishing an online detection should use a
fluorescence assay. Fluorescence can be detected from multiple angles and is more specific
than absorption. For example to track the activity of acid phosphatase the coumarin
derivative 6-chloro-8-fluoro-4-methylumbelliferone phosphate (CF-MUP) could be used,
It is hydrolysed to 6-chloro-8-fluoro-4-methylumbelliferone (CF-MU) by acid phosphatase.
CF-MU possesses strong fluorescence at ca. 450 nm with low pKa (4.7), high fluorescence
quantum yield and pH independence in the physiological pH range. This new fluorescence
dye, CF-MU, is a convenient tool for assays with buffer pH between 4.5 and 8 [22]. As CF-
MU is excited at 450 nm photoacids would have to be chosen according to this excitation
wavelength, excluding e.g. HPTS. Adding to that coumarin derivatives are known to have
a relatively low photostability [119]. Photobleaching can be generally lowered by choosing
optimal illumination conditions for the photoacid. When the photoacid is excited in the
maximum absorption peak, excitation intensity can be reduced. This is only the case when
other compounds of the assay do not interfere with the photoacids maximum absorption
and reduce the light yield by also absorbing in the excitation range.

For online pH measurement, fluorescent dyes such as the SNARF indicators by Ther-
mofisher [120] could be used. Those dyes have a fluorescence wavelength shift, depend-
ing on the pH value and should be considered for potential assay optimization. They
are excited at 488 nm, which could again interfere with photoacid emission. Those pH-
dependent fluorescent dyes also have the advantage that they are independent of the assay
and track pH changes (whereas CF-MUP would be suitable for phosphatase hydrolysing
assays only). A drawback of the SNARF indicators is that a significant pH-dependent
fluorescence shift is taking place in the pH range of 9-6 only. Still, those dyes are a good
approach as more dyes that are sensitive in acidic pH range might be developed.
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This thesis succeed in establishing and optimizing a non-invasive, light-controlled assay.
Choosing the correct parameters to fulfil the complex requirements were successfully
fulfilled. Acid phosphatase’s activity could be reversibly controlled by using G-acid as
a photoacid and 365 nm HP LEDs as an illumination source. To achieve a successful
experimental setup it was necessary to optimize the starting pH, so the enzyme is inactive
and the photoacid absorbs sufficiently at this point. Both, G-acid an acid phosphatase are
reversibly controllable and it was demonstrated that the enzyme activity depends on the
light exposure time alone. The effective pH value in the illumination assay corresponds
to a pH of 6.5, estimated by enzyme activity in a buffered assay conducted at a pH of
6.5 in darkness (for detailed results see section 6.3.2). The pH value in the illumination
assay is an estimation, as enzymatic reactions also depend on ionic strength present in
the buffer, such as salts or additives like magnesium etc. In the illumination assay G-acid
(700 µM) was the strongest "buffering" component. For this reason the estimated pH is to
be seen as a first approximation. The chosen example assay effectively demonstrates this
thesis hypothesis: It is indeed possible to control enzymatic activity with light. Molecular
modelling could generate optimal enzymes for such light-controlled assay, e.g. for a light-
switchable polymerase chain reaction (PCR), significantly accelerating the process.

Generally the established method can be also used to control macro molecules by shifting
the pH value using a photoacid. Hence, using enzyme free, highly controllable systems
should also be possible. Self regulating macro molecule systems, such as DNA origami
formation are stable and less complex than enzymatic assays. Thus a photoacid could be
used to influence highly ordered DNA or nano structures by switching the pH value. For
example DNA click chemistry, which does not require an enzyme, could also be a good
application.
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In this work we could demonstrate the light induced, reversible control of the enzymatic
activity of acid phosphatase in a non-invasive manner. Reversible photoacids offer a local
control of pH, making them extremely attractive for miniaturizable, non-invasive and
time-resolved control of pH dependent biochemical reactions. Photoacids thus have the
potential for high throughput methods and automation. It was demonstrated that it is
possible to control photoacids using commonly available LEDs, making their use in highly
integrated devices and instruments more attractive.

The successfully designed 96 well high power UV LED array presents an opportunity for
combinatorial analysis in e.g. photochemistry, where a high light intensity is needed for
the investigation of various reactions. Heat management and a lateral ventilation system
to avoid heat accumulation were established and a stable light intensity achieved. The
array has the potential for miniaturized applications. It was designed for a standard 96
well microtiter plate and can be integrated into an automated robot assay system, such
as a TECAN robot. The LED array can be practically built for every desired wavelength.
Furthermore, an array with multiple wavelengths is possible and thus this design can
be used and adapted for multiple applications in different areas. LED output could be
further optimized by using a more complex setup, which includes a control feedback
loop for regulating the cooling temperature, such as a PID controller. Furthermore spatial
control is achieved as each well is illuminated by a single LED. By controlling each row
individually using a micro controller different illumination parameters can be tested in a
single microtiter plate assay. The spatial control could be enhanced by further reducing
scattering light. This could be done constructing a new 3D printed mounting, creating
a grid that embraces every single LED. Moreover, the LED array could be extended in
functionality so that each LED could be controlled individually.

Furthermore, the spatial precision of the array could be further enhanced by using LED
silicon lenses with a smaller irradiation angle. When photoacids are excited in their
maximum absorption peak the proton emitting yield is greatly enhanced. The LED array
designed in this thesis could be miniaturized by using nano LEDs. Those have less power
than the used HP LEDs. However, when being excited with the optimum wavelength the
power of nano LEDs could suffice. This would also decrease the temperature increase
in samples caused by illumination. Another alternative for miniaturization could be
the use of lasers. For example lasers could be used in an digital light processing (DLP)
array. Here a laser beam is split and offers high spatial illumination control. A standard
biological format to use for this setup could be a 384 well microtiter plate. Moreover, the
sample volume required for such an assay could be considerably lowered down to a few
microlitres.

As many photochemical applications require irradiation in the UV region, a high power
LED array as developed in this thesis could be used for a wide range of other applications
apart from the one presented in this work. It could be used for chemical, biochemical,
as well as biological applications in a miniaturized scale offering stable illumination
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conditions and parallel assays.

An application using photoacids apart from controlling enzymatic activity could be to
control pH dependent structures that do not involve the use of enzymes. Examples for
such controllable systems, that do not require a buffering environment or an enzyme,
are click chemistry, polymerising systems or self-assembling proteins, such as prion
assemblies.

Photoacids offer a local control of pH, making them extremely attractive for miniaturiz-
able, non-invasive and time-resolved control of pH dependent reactions applications in
biochemistry. From the findings in this work a "lab on a chip" or a portable device can
be developed as well. The possible applications of photoacids in the biological field are
large: While the efforts presented in thesis focus on controlling enzyme activity, possible
applications based on photoacids are versatile. Hence, photoacids in biochemistry or
biology can be considered a novel area of research and display a great potential for future
development.

Results of this work clearly demonstrate that it is possible to control pH dependent
biochemical reactions with light using a photoacid. These findings could greatly influence
future approaches of how to control those processes non-invasively and on a much shorter
time scale than in classical approaches using temperature variations.
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Appendix

LED control with a microcontroller

Schematic plan

Figure 8.1: Schematic control of LEDs using an Arduino Uno

Example code

The following code is written in the Arduino IDE Software (5.1.8)
and shall serve as an example of how the LED illumination is con-
trolled by the micro controller Example code to control LED rows

The program can be copied directly into the free of charge Arduino
software, which is available online. LED control can also be pro-
grammed as an array, however this does not allow individual fre-
quency control of each LED row.

Start of code:
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// This is an example code to control 12 rows of LED with an Arduino UNO 

microcontroller - program is started with a 5 seconds delay after pressing 

a simple push button 

 

#define LED1 2 //initializing LED rows 

#define LED2 3 

#define LED3 4 

#define LED4 5 

#define LED5 6 

#define LED6 7 

#define LED7 8 

#define LED8 9 

#define LED9 10 

#define LED10 11 

#define LED11 12 

#define LED12 13 

#define BUTTON 14 

#define FREQUENCY1_ON 300000L // Defining an abritrary amount of different 

Frequencies in which row should be pulsed FREQUENCY1_ON being the on time, 

FREQUENCY1_OFF being the off time 

#define FREQUENCY1_OFF 300000L // time is defined in milliseconds, minimum 

time is 1 ms when using described setup 

#define FREQUENCY2_ON 3000L 

#define FREQUENCY2_OFF 0L 

#define FREQUENCY3_ON 3000L 

#define FREQUENCY3_OFF 444L 

#define DELAY 30000L // Define Delay between each LED row 

#define RUNTIME1 60000L //Overall runtime per LED row in Millisecs 1 min= 

60000 ms 2 min 120000, 3 min 180000, 4 min 240000, 5 min 300000, 6 min 

360000, 7 min 420000 etc.. 

#define RUNTIME2 120000L 

#define RUNTIME3 180000L 

#define RUNTIME4 240000L 

#define RUNTIME5 300000L 

#define RUNTIME6 0L 

#define ON 1 

#define OFF 0 

 

long int timestamp1 = 0;                  //define a timestamp for each LED 

row, so each row can be started at a certain time. Here rows are started 30 

seconds after preceding row 

long int timestamp2 = timestamp1 + DELAY; 

long int timestamp3 = timestamp2 + DELAY; 

long int timestamp4 = timestamp3 + DELAY; 

long int timestamp5 = timestamp4 + DELAY; 

long int timestamp6 = timestamp5 + DELAY; 

long int timestamp7 = timestamp6 + DELAY; 

long int timestamp8 = timestamp7 + DELAY; 

long int timestamp9 = timestamp8 + DELAY; 

long int timestamp10 = timestamp9 + DELAY; 

long long int timestamp11 = timestamp10 + DELAY; 

long long int timestamp12 = timestamp11 + DELAY; 

long int button_start = 0; 

 

long long int zeit = 0;   //define variables for LED states (defines if LED 

is on or off) 

int ledstate1 = OFF; 

int ledstate2 = OFF; 

int ledstate3 = OFF; 

int ledstate4 = OFF; 

int ledstate5 = OFF; 
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End of Code
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