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Summary 
Bistable systems are systems that can exist in one of two stable states and can dynamically switch 
between these states. Naturally occurring self-regulatory mechanisms such as Turing patterns, 
homeostasis and cell differentiation all require bistability to exist. Systems chemistry, the field that 
studies complex chemical networks (CRNs), has recently seen many examples of bistable chemical 
networks that exhibit interesting properties. Many agree that synthesizing controllable bistable 
chemical networks will ultimately aid in the creation of artificial life-like systems. For a system to 
show bistability, it must contain a feedback loop, which is a mechanism where part of the system’s 
output is redirected back into the input. The strength of the feedback directly determines the 
system’s bistable conditions. The most straightforward chemical analogue of feedback is 
autocatalysis, a type of reaction in which the product of a conversion reaction catalyzes its own 
formation. In such a case, the strength of the feedback is the rate of autocatalysis. By chemically 
changing the rate of autocatalysis, the bistability of a network can be controlled. Bistability in CRNs 
has been widely studied, but experimental demonstrations of control over bistability by tuning the 
strength of the chemical feedback is rare. In this work, we use a well-known enzymatic autocatalytic 
chemical network which has been shown to be bistable. Trypsin (Tr) is the central molecule, which 
is formed autocatalytically by cleavage of its precursor, trypsinogen (Tg). To enable us to control the 
release of Tr and to switch between steady states, soybean trypsin inhibitor (STI) is added. This 
network is bistable because it shows two possible states, a high [Tr] state and a low [Tr] state, when 
placed in the right conditions. Recent work in our group has shown that, by using lanthanide ions 
such as La3+ and Nd3+, the rate of autocatalysis can be controlled. In this work, we introduced La3+, 
which undergoes the simplest mechanism out of these ions, to the trypsin autocatalytic network. 
We aimed to address the missing link between chemical feedback and bistability in current systems 
chemistry by introducing La3+ as a control parameter to shift the network’s bistability. We performed 
an experimental investigation of the effect of La3+ on the autocatalysis in the presence and absence 
of constant flow, and on the bistability of the network. We found that La3+ increases the rate of 
autocatalysis until a saturation point around 1.0 mM in batch. From the batch data, we chose 
experimental conditions to work in flow, where we found that using La3+ indeed shifts the bistability. 
Higher concentrations of La3+ caused a need for higher inhibitor concentrations to suppress the high-
[Tr] steady state and increased the magnitude of this high-[Tr] state. We envision that the results 
reported here will inspire more work into the control of various other bistable networks with 
interesting functionalities by tuning the feedback loops. 
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Glossary 
Abbreviation/Symbol: Meaning: 
ϵ Molar absorbance coefficient of pNA. Used to convert absorbance into 

pNA concentration. 
τ Residence time. Next to the flow rate in µL h-1, this is a measure to 

quantify the flow of liquid through a CSTR. 
BAPNA Nα-Benzoyl-DL-arginine p-nitroanilide hydrochloride. Reporter molecule 

to track Tr activity. 
Ca2+ Calcium ion. Used for stabilization of the proteins in storage conditions. 
CRN Chemical Reaction Network. Group of chemicals that react together. 

Also the abbreviation of the name of the research group within which this 
thesis was performed. 

CSTR Continuously Stirred Tank Reactor. Used to create out-of-equilibrium 
conditions.  

La3+ Lanthanum ion. Used as a control knob for the key demonstration in this 
thesis. 

pNA p-nitroaniline. Yellow-colored split-off product when BAPNA is 
hydrolyzed. 

STI Soybean Trypsin Inhibitor. Inhibits activity of Tr. 
Tg Trypsinogen. One of the core proteins used in the chemical network. 

Precursor to trypsin. 
Tr Trypsin. The core protein used in the chemical network that is studied in 

this thesis. 
TRIS-HCl tris(hydroxymethyl)aminomethane buffer adjusted with HCl. Used to 

buffer reaction conditions (at pH 7.8). 
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Chapter 1 – Introduction 

1.1 – Context 
Bistability is a dynamic property in which a system can exist in one of two possible stable states and 
can switch between these two states [1]. In living systems, bistability is a necessary property for cell 
differentiation [2] and apoptosis [3], and more broadly, bistability enables memory [4], formation of 
Turing patterns [5] [6] and homeostasis [7], playing an important role in self-regulation. Inspired by 
living nature, contemporary research on chemical reaction networks (CRNs) aims to design artificial 
bistable systems capable of intelligent functions [8]. Systems chemistry, the field that studies 
complex chemical networks, has seen great recent interest in bistable chemical systems. 
Recreation, understanding of and gaining control over bistability has been of large interest towards 
the synthesis of artificial life-like systems [9].  

In open systems (i.e., systems where exchange of matter or energy with the environment is possible, 
see Chapter 2.1), bistability requires the presence of feedback loops within the system [10]. These 
feedback loops, pathways that reconnect a portion of the output back to the input, enable the 
system to give nonlinear responses to changes in the environment [11]. In chemistry, the most 
straightforward form of positive feedback is an autocatalytic reaction (see Figure 1.1), which is a 
specific type of reaction where the product of a reaction (B) catalyzes its own formation from a fuel 
(A) [12]. The rate of autocatalysis determines the strength of the positive feedback by tuning how fast 
the catalyst species stimulates its own formation. The strength of the feedback (i.e., the rate 
constant k), therefore, controls the system output (i.e., the concentration of B). 

 

Figure 1.1. Basic motif of a simple autocatalytic reaction. A molecular fuel (A) is converted into a catalyst (B), which speeds 
up its own formation. The rate of autocatalysis (k) determines the strength of the positive feedback (+). 

Significant work has been done on the design of artificial autocatalytic reactions [13] and on the 
operation of autocatalysis out of equilibrium. Most recent examples include research in the group of 
Ashkenasy [14] [15] [9], Boekhoven [4] and Huck [12], who have all demonstrated interesting 
functionalities by manipulating bistable systems out-of-equilibrium. The application of such 



   
 

7 

functionalities towards synthetic self-regulatory systems requires the design of CRNs that allow for 
targeted control over the properties of bistable switching. The group of Wong [16] have recently 
reported a CRN in a continuous flow reactor that can switch freely between two stable states 
depending on a variety of control parameters such as flowrate, frequency and amplitude of a 
chemical input. However, in all examples, chemical control over the strength of the feedback which 
allows for bistability is not demonstrated; environmental control (i.e., by tuning the flow rate) is more 
common. Typically, a change in the chemical components or physical conditions is required to 
change the properties of bistability. Tuning of the bistability by direct control over the rate of an 
autocatalytic reaction can hardly be found. 

1.2 – Research Aim  
Our work aims to address this gap (i.e., lack of reported chemical control over the feedback to 
control the bistability) by using a bistable chemical system capable of dynamically switching 
between two stable states. To achieve this, we took a chemical system already studied in our group 
under out-of-equilibrium conditions. Briefly, in this CRN the central protein trypsin (Tr) is formed 
autocatalytically by its precursor trypsinogen (Tg). An inhibitor (Soybean Trypsin Inhibitor, STI) rapidly 
inhibits the activity of Tr via complexation (Figure 1.2a) (see Chapter 2.2 for extended theory). In this 
system, the network's state is defined as the steady-state concentration of the core compound, Tr. 
The two observed possible states are a low steady state (Tr inhibition dominates, [Tr]L

SS) and a high 
steady state (Tr autocatalysis dominates, [Tr]H

SS). This CRN is well-known [17] [18], and its bistable 
behavior under the presence of the inhibitor has been confirmed [12] (Figure 1.2b).  

A recent publication in our group, which has largely inspired this thesis, has shown [16] that the 
inhibiting compound can be used as a control parameter to force the system’s response to depend 
critically on its preceding states, so-called history-dependent behavior. However, a link between the 
strength of the chemical feedback and the bistability is currently missing. A more recent project in 
our group [11] shows that by introducing trivalent lanthanide ions (i.e., La3+, Nd3+) into the network, 
the autocatalysis can be significantly sped up by ion-mediation of the trypsin autocatalysis. Our 
interest is in La3+ because La3+ undergoes the simplest mechanism, as it only enhances the rate of 
trypsin autocatalysis, while Nd3+ can also slow down this process [11]. We aim to demonstrate 
control over the bistability (i.e., shift the bistability graph) by using La3+ as a control parameter to tune 
the strength of the positive feedback (i.e. the rate of autocatalytic reaction) (Figure 1.2c).  
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Figure 1.2. Concept figure of this work. (a) Motif of the autocatalytic chemical reaction network. Tr cleaves its precursor 
Tg, catalyzing its own formation. STI inhibits Tr activity. Lanthanum (La3+) promotes Tr autocatalysis. (b) The system is 
constantly fueled out of equilibrium. The response of the system ([Tr]SS) depends on the input inhibitor concentration 
([STI]in). When [STI]in is high, Tr inhibition dominates and the system reaches its low state, [Tr]L

SS. When [STI]in is low, Tr 
autocatalysis dominates and the system reaches its high state, [Tr]H

SS. (c) By varying the [STI]0 as a control parameter, the 
system shows a bistable response. By varying La3+, we aim to demonstrate that the bistability can be controlled. 

To achieve our aim, we define three objectives that will lead to the key demonstration. First, to 
understand the system's behavior, (i) the autocatalytic behavior of the present chemical reactions 
will be studied by means of batch (well-plate) kinetic experiments. These kinetic data will allow us 
to (ii) screen conditions for a bistable behavior experimentally. With a final set of experimental data 
within these conditions, we will (iii) demonstrate the ability to use La3+ as a control parameter to 
control the bistability of the network in flow. This work will provide a crucial demonstration of the 
possibility to control a chemical network’s bistability by tuning the strength of the feedback.  By 
establishing control over the bistability of this chemical network, we lay the foundation to extend our 
work to different networks with different properties and functionalities, ultimately aiming towards 
the synthesis of artificial regulatory systems.  
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Chapter 2 – Theoretical Background 

2.1 – Hysteresis and Bistability out-of-equilibrium 
A closed system is a system where transfer of energy or matter with the environment is not possible 
[19]. Closed systems always reach thermodynamic equilibrium, the state where entropy is 
maximized. Oppositely, an open system is a system where transfer of energy or matter with the 
environment is possible. Open systems do not necessarily reach thermodynamic equilibrium, as an 
outside influence can keep the system away from equilibrium. In such open systems, constant flow 
of matter does not allow for equilibration but may cause the formation of dynamic behaviors. These 
dynamic behaviors, such as sustained oscillations [17] or bistability [15] [16], are not possible in 
closed systems [20]. Hence, for a system to exhibit bistability, it must be an open system. In practice, 
open systems are made by placing the system in flow conditions where constant exchange of matter 
is possible, so-called out-of-equilibrium conditions. 

A bistable system has exactly two stable steady states [10], such as an off state and an on state. 
(Figure 2.1a). For instance, a light switch is a type of bistable system because it can be switched on 
and off (Figure 2.1b). Similarly, a mathematical binary step function is bistable because it either 
shows 0 or 1. Bistability is therefore a type of nonlinear behavior, as a change in signal (S) will not 
necessarily yield a linearly proportional change in response (R). 

 

Figure 2.1. Different forms of bistable behaviors (rows) depending on the system motif (columns). (a) A typical signal curve 
of simple bistable systems. (b) An example motif of a simple bistable system is a light switch. (c) A signal curve of a 
hysteretic bistable system in which going from low S to high S (thermodynamic branch) means a response switch at Scrit2, 
and going from high S to low S (kinetic branch) means a response switch at Scrit1. The region where both the high and the 
low system steady states are possible (bistable window) is highlighted blue. (d) The motif of a simple enzymatic reaction 
network that exhibits hysteretic bistability. A signal (S) determines the system response (R). In turn, R stimulates an 
exchange reaction between a protein (E) and its phosphorylated form (EP). Simultaneously, the protein E inhibits the 
response R. Adapted from [10]. 
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In chemistry, we may consider a system bistable when there are exactly two possible states 
(responses) from the system when it is left to reach steady state, depending on the input 
concentrations. If an arbitrary chemical system has two states, say, a high concentration state and 
a low concentration state, the system will reach the high state when activating compounds are 
abundant, and the low state when inhibiting compounds are abundant.  

Switching from one state to the other is trivial in such bistable systems, as the critical signal (Scrit) 
required for a response change is at a constant value. Adding activating compounds until the critical 
point is reached will switch the system from the low state to the high state, and vice versa. Consider 
a system in which switching from the low state to the high state is easily done at some Scrit2, but 
switching from the high state back to the low state happens at a different signal Scrit1 < Scrit2 (Figure 
2.1c). This system is still bistable, but the path that the signal took critically determines the signal at 
which the response changes. When S starts low (thermodynamic branch), the response changes at 
Scrit2, but when S starts high (kinetic branch), the response changes at Scrit1. When the two different 
paths of S have different effects on the response curve, this is called hysteresis. The system in Figure 
2.1c is therefore called a hysteretic bistable system. The region of S wherein both responses are 
possible, depending on the path that S took before, is called the bistable window.  

Underlying these types of bistable behaviors are so-called motifs, system representations that 
highlight the interactions of the individual system components. For the simple on-off bistable system, 
the motif is a light switch. Chemical networks are often studied and reported using their motifs, and 
subtle motif changes can completely change a network’s behavior. For instance, Figure 2.1d depicts 
the motif of an enzymatic reaction that behaves as in Figure 2.1c, which depicts its network 
components R, S, EP and E to perform different functions and collectively show the bistable behavior. 
A signal (S) determines the response (R). In turn, R stimulates an exchange reaction of a protein (E), 
which inhibits the activity of R. The exchange reaction forms EP, the phosphorylated form of E. This 
feedback between R and E is crucial for, and directly causes, the hysteretic bistable behavior of the 
system. Without this feedback, the system would be linear and would not exhibit bistability [10]. 

2.2 – Trypsin Autocatalytic Network 
The chemical network that is studied in this thesis is an enzymatic autocatalytic network, as 
depicted in Figure 1.2a. It contains the following components and reactions, trypsinogen (Tg, yellow) 
is autocatalytically converted to trypsin (Tr, blue). An inhibitor (soybean trypsin inhibitor, STI, red) 
competes with Tg to suppress Tr activity. The trypsin autocatalysis rate is enhanced by multivalent 
metal ions such as Ca2+ and La3+ (green) [21] [11]. Trypsin autocatalysis is the simplest example of 
positive chemical feedback, and therefore lays the foundation for bistable behavior to emerge under 
the right conditions [12]. Tracking the concentration of the core protein, trypsin, in the outflow gives 
the temporal response of the system to different inputs. 

Figure 2.2a shows the network with each component depicted as its real structure. Tg is converted 
into Tr due to cleavage by Tr of the N-terminal hexapeptide tail of Tg (H2N-Val-Asp4-Lys-COOH, 
VDDDDK) [22]. This cleavage results in an inactive form of Tr [23], but in the presence of cations such 
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as Ca2+, inert Tr formation is negated entirely [24], and the active form of Tr can be retrieved instead. 
Ca2+ sits in the calcium binding loop in trypsin and trypsinogen [25] [21]. Addition of Ca2+ enhances 
the rate of autocatalysis in the presence of Tg since Tr activity accelerates its own formation. 
Trivalent ions such as La3+ bind to the same active pocket as Ca2+ and can have similar effects on 
trypsin autocatalysis [26] [27]. Since Ca2+ has a stabilizing role to the proteins [28], we will always 
add it to reaction solutions in this thesis, and its autocatalysis rate enhancing effect is thus always 
present. Further tuning of autocatalysis rates is thus most readily done by controlling the presence 
of La3+. Inhibition of Tr is done by STI, which sits in the catalytic triad pocket of Tr (Asp102-His57-Ser195) 
[29]. 

 

Figure 2.2. Details on the Trypsin-Trypsinogen autocatalytic chemical network. (a) Visualization of the reactions of the 
network, where each species is depicted with their real structures. The insert clarifies the meanings of the arrow types. (b) 
Scheme showing all chemical reactions occurring in the CRN. Ion-catalyzed autocatalysis of Tr is taken generally where 
M+ represents either Ca2+ or La3+. 

The collection of the chemical reactions that occur in the network is shown in Figure 2.2b. The 
predominant reactions that occur are native autocatalysis without a metal ion, ion-catalyzed (M+) 
autocatalysis, and inhibition of Tr by STI. 

The core proteins of this chemical network are relevant in metabolism and life-like biological 
systems [23] [30] [22] [31] [12], hence experimental pH values around physiological pH are ideal for 
the activity of the proteins within the network. Specifically, trypsin and trypsinogen are most active 
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within pH 7.0 – 9.0 [21]. Storage conditions for these proteins are preferably acidic, as the proteins 
are inactive and therefore stabilized in these conditions. Furthermore, the addition of Ca2+ should 
ensure that Tr and Tg are stabilized in storage conditions. For details on protein stability, see Chapter 
3.2. 

A comparison can be made between the Tr-Tg network and the hysteretic bistable network example 
in Figure 2.1d. The motif of the example network resembles the motif of our used CRN in multiple 
ways. A signal (S, Tg) determines the response (R, Tr), and the response is inhibited by a protein that 
is involved in inhibition of the response (E, STI). The autocatalysis of Tr provides the necessary 
positive feedback for nonlinear kinetics [10]. It is therefore reasonable to expect this network to 
exhibit bistable behavior in out-of-equilibrium conditions. Indeed, this behavior has been 
experimentally demonstrated previously [12]. However, a key difference with the example system is 
that the control parameter to determine the system steady state is not Tg, but STI, which is a 
necessary adjustment needed to control the amount of Tr released without affecting the rate of 
autocatalysis. The possibility of using STI as a control parameter in the bistability of the system has 
been previously demonstrated [12] [16] and shows that the network’s bistability is manipulable and 
behaves as we expect.  
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Chapter 3 – Materials and Methods 

3.1 – Materials 
All chemicals (trypsin from bovine pancreas, trypsinogen from bovine pancreas, Nα-Benzoyl-DL-
arginine p-nitroanilide hydrochloride, La(NO3)3).6H2O, soybean trypsin inhibitor) were purchased 
from Sigma or Roche and used without further purification. Protein solutions (i.e., Tr, Tg, or STI) are 
made fresh before an experiment is started to minimize degradation.  

Batch reactions are monitored in a Tecan Infinite 200 PRO UV-vis plate reader at 400 nm. Batch 
experiments were performed in Greiner 96 well plates. Flow experiments are performed using a 
CETONI Base 120 Syringe pump equipped with a QMix Lambda STS-UV flow spectrometer. The 
syringe pump system is controlled by QMixElements software. 

3.2 – Batch Methods 
Calibration of Trypsin Activity by BAPNA Hydrolysis in Batch 

All chemicals in the Tr-Tg network are not observable in the visible range (380-780 nm), hence, to 
facilitate the kinetic analysis, a standard BAPNA assay [16] is employed to monitor the activity of Tr 
during reactions (see Appendix A.1 Exp 1). Calibration of trypsin activity by BAPNA hydrolysis allows 
the conversion from an absorbance change at λ=400 nm to time-dependent [Tr] [32]. 

 

Figure 3.1. Calibration curve of BAPNA hydrolysis. Conditions: [BAPNA]0 = 0.7 mM, [Tr]0 = 0.015 μM, 0.1 μM, 0.25 μM, 0.5 
μM, 1.0 μM, 1.5 μM, 2.0 μM, 2.5 μM, 3.0 μM, 3.5 μM, 4.0 μM, 4.5 μM, 5.0 μM, 7.5 μM, 10 μM, 25 μM, [Ca2+]0 = 20 mM. Buffered 
by 0.5 M TRIS-HCl pH = 7.8. Total well volume 200 μL. Error bars are s.e., n=3. Linear fit R2= 0.976. 

We hydrolyzed BAPNA at varying Tr concentrations and plotted the initial absorbance rates against 
[Tr] (Figure 3.1). The resulting calibration curve is linear between 0 < [Tr]0 < 10 μM: 

 [Tr]t = 912.6
dA

dt
.        (3.1) 
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Above [Tr] = 10 μM, time restrictions made it impossible to capture the initial regime of BAPNA 
cleavage, and therefore the calibration curve is not reliable.  

To convert absorbance to pNA concentration, we use the molar absorbance coefficient (ϵ) by the law 
of Lambert-Beer to monitor the active pNA concentration. 

A = ϵbc.        (3.2) 

 

Figure 3.2. Results of gathering molar absorbance coefficient of p-nitroaniline (pNA) at 400 nm. a. Reaction curves at 
varying [BAPNA]0. The data is fitted based on a kinetic model of the system. Conditions: [BAPNA]0 = 0.1 mM, 0.2 mM, 0.3 
mM, 0.4 mM, 0.5 mM, 0.6 mM, 0.7 mM and 0.8 mM, [Tr]0 = 1.0 μM, [Tg]0 = 100 μM, [Ca2+]0 = 20 mM. Buffered by 0.5 M TRIS-
HCl pH = 7.8. Total well volume 200 μL. b. The plateau value of each reaction curve is taken based on the fits and plotted 
against [BAPNA]0. The molar absorbance coefficient is retrieved from the slope of the Lambert-Beer linear regression. 
Linear fit R2 = 0.956.  

To measure the molar absorbance coefficient of pNA at 400 nm, we hydrolyzed BAPNA at varying 
initial BAPNA concentrations and fitted the results using a simple kinetic model of the reactions 
(Figure 3.2a) (see Appendix A.1 Exp 2). The plateaus (full BAPNA hydrolysis) are plotted against 
[BAPNA]0 and linearly fitted (Figure 3.2b). By equation (3.2), the slope of the linear regression was 
measured to be ϵb = 3.56 mM-1. The path length b = 0.56 cm is estimated based on the volume inside 
the wells since the absorbance was measured from the bottom of the well plates. Based on this 
estimate, we find ϵ = 6.36 mM cm-1, which is in a similar range as reported in literature [33] [34]. 

Effect of La3+ on Trypsin Calibration 

To check whether La3+ affects the hydrolysis of BAPNA, we performed a plate experiment at 400 nm 
(Figure 3.3a) where the rows of the plate had varying [BAPNA]0, and the columns had varying [La3+]0 
in triplicate (see Appendix A.1 Exp 3). The initial absorbance slopes were converted into reaction rate 
using ϵ and plotted against [BAPNA]0 for each [La3+]0 series as Michaelis-Menten plots (Figure 3.3b). 
The [La3+]0 series were not significantly different from each other based on the overlapping standard 
errors. We conclude that La3+ does not affect the hydrolysis of BAPNA. A fit of enzyme-substrate 
binding (Michaelis-Menten) kinetics to the data indicates if our results are in line with literature 
reports. The Michaelis-Menten equation is 

a b 
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v =
Vmax[S] 

KM+[S]
,        (3.3) 

where the substrate concentration [S] is [BAPNA]0 in our case. Fitting equation (3.3) to the data 
yielded the kinetic parameters of Tr towards BAPNA: Vmax = 7.23 · 10-4 mM s-1, KM = 0.6444 mM, and 
kcat = 0.7234 s-1, which are in the same order of magnitude as reported values in literature [35] [36] 
[37]. 

 

Figure 3.3. Results showing the effect of La3+ on BAPNA hydrolysis. (a) Reaction rates (in mM s-1) for all wells. Conditions: 
across the columns, [La3+]0 = 0.0 mM, 0.1 mM, 0.7 mM, and 1.4 mM in triplicates. Across the rows, [BAPNA]0 is varied as 
[BAPNA]0 = 0.1 mM, 0.2 mM, 0.3 mM, 0.4 mM, 0.5 mM, 0.6 mM, 0.7 mM and 0.8 mM. [Tr]0 = 1 μM, [Ca2+]0 = 20 mM. Buffered 
by 0.5 M TRIS-HCl pH = 7.8. Total well volume 200 μL. NaN-entry wells (black color) are disregarded due to experimental 
error. (b) Michaelis-Menten plot of the reaction rates across the well plate. The black lines are the [La3+]0 data series. The 
red dashed line is a nonlinear regression based on the Michaelis-Menten kinetics. Error bars are s.e., n = 3. 

Stability of Chemicals in Storage Conditions 

To monitor the stability of solutions in storage conditions, we simulated the conditions in which the 
chemicals are present during multiple-hour long experiments. The standard storage conditions for 
each compound that are used in this thesis are tabulated in Table 3.1. The stability of chemicals in 
storage conditions has been assumed in previous crucial work in our group [16]. 

Label: Solution: Molarity: Solvent: 
Tr Tr + Ca2+  30 µM 4 mM HCl + 20 mM CaCl2 
Tg Tg + Ca2+  1000 µM 4 mM HCl + 20 mM CaCl2 
La La3+  5 mM mQ 
STI STI + Ca2+  50 µM Buffer 
BAPNA BAPNA  11.2 mM v:v 0.20 mQ + 0.72 DMF + 0.08 DMSO  
Buffer TRIS-HCl pH 7.8 + Ca2+  200 mM mQ + 20 mM CaCl2 

Table 3.1. Standard storage stock conditions for each compound used throughout experimental work in this thesis. The 
leftmost column specifies the label of each solution composition (second column), which is used colloquially to refer to 
each solution more conveniently. Ca2+ is added to each protein-containing solution as a stabilizing agent [29]. The third 
column notes the molarity of the labeled chemical. The fourth column shows the solvent used per solution. 

a b 
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Stability of Tr. Previous work [17] shows that Tr is stable in storage conditions over time scales that 
are relevant for this thesis.  

Stability of STI. Previous crucial work in the group has used STI over long periods of time without 
reduced activity of STI while in storage conditions. We conclude that no further assessment of the 
stability of STI in storage conditions is necessary. 

Stability of Tg. The missing information on protein stability is that of Trypsinogen, which degrades 
quickly in neutral and biological conditions [30]. To preserve it as much as possible, it is stored in 
stabilizing conditions. Under these conditions, we must verify that the degradation of Tg is minimized.  

Six small vials containing varying [Ca2+]0 and [La3+]0 are prepared (combinations of [Ca2+]0 = 5, 100 
mM and [La3+]0 = 0, 0.2, 2.0 mM), all vials contain [Tg]0 = 200 uM and 4 mM HCl. At 1h, 7.5h, 23h, and 
30h after creating these vials, samples are taken and analyzed using a BAPNA assay (see Appendix 
A.1 Exp 4).  

 

Figure 3.4. Stability of Tg under varying [Ca2+]0 and [La3+]0 conditions over 30 hours. Black colored data points are [Ca2+]0 = 
5 mM. Red colored data points [Ca2+]0 = 100 mM. Circle marked data points are [La3+]0 = 0.0 mM. Diamond marked data 
points are [La3+]0 = 0.2 mM. Square marked data points are [La3+]0 = 2.0 mM. 

Figure 3.4 shows no trends. Hence, there is no indication that significant amounts of Tr are produced 
over 30 hours inside all six vials. No significant difference between the conditions was observed, 
indicating that as little as 5 mM of Ca2+ is sufficient to stabilize Tg in 4mM HCl over 30 hours, which 
is in line with literature reports [24], and we see that La3+ has no effect on the degradation of Tg at 
these conditions.  

Autocatalysis Kinetic Assay 

To observe Tr autocatalysis in batch, concentrations of La3+ and Tg are changed across the rows and 
columns of a well plate, respectively (see Appendix A.1 Exp 5). After sequential addition of 
microvolumes of each reactant (Tr, Tg, and La3+), the reaction is initiated by addition of a mixture of 
Buffer and BAPNA and placed in the plate reader. Absorbance at 400 nm is monitored in all wells for 
90 minutes and thereafter converted into [pNA] concentration using the molar absorbance ϵ and 
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visualized in a combined plot. We analyze the effects of [Tg]0 and [La3+]0 on Tr autocatalysis by 
introducing an arbitrary threshold at 50% conversion of BAPNA into pNA [38]. We use this threshold 
as a measure for autocatalysis rate, and we report it in the form of a heatmap for all conditions. 
Based on these findings, we will conclude which conditions are optimal to work in flow conditions. 
For details, see Chapter 4.1. 

3.3 – Flow Methods 
To perform our demonstrations in flow conditions, we used an experimental strategy which allows 
us to work in out-of-equilibrium conditions required for the system’s bistable behavior. Most 
experiments in flow in this thesis are performed using a consistent general setup, as shown in Figure 
3.5. Six syringes filled with chosen stock solutions (containing La, STI, Tr, Tg, Buffer, and BAPNA, see 
Table 3.1) are installed on a syringe pump holder and connected to a series of microfluidic chips 
using flexible tubing. The first chip (R1) acts as the main reactor. The syringes containing La, STI, and 
Buffer are directly connected to the entrances to R1. The syringes containing Tr and Tg are first joined 
using a Y-junction, and subsequently fed into R1. A magnetic stirrer mixes the reaction chamber, and 
the outflow is fed into the second chip (R2). R2 acts as the detection reactor, where the reaction 
mixture is combined with BAPNA. The outflow out of R2 is fed into a UV-Vis spectrometer where the 
absorbance intensity at 450 and 500 nm are recorded over time. The temperature inside the reactors 
is kept approximately constant by placing the reactors on a small layer of insulating foam, to prevent 
the stirring plate from heating the solutions. 

 

Figure 3.5. Schematic representation of the general experimental setup used for experiments in flow conditions. Six 
syringes filled with chosen stock solutions (containing La, STI, Tr, Tg, Buffer, and BAPNA) are installed on a syringe pump 
holder and connected to a series of microfluidic chips using flexible tubing. The first chip (R1) acts as the main reactor. The 
syringes containing La, STI, and Buffer are directly connected to the entrances to R1. The syringes containing Tr and Tg are 
first joined using a Y-junction, and subsequently fed into R1. A magnetic stirrer mixes the reaction chamber, and the 
outflow is fed into the second chip (R2). R2 acts as the detection reactor, where the reaction mixture is combined with 
BAPNA. The outflow out of R2 is fed into a UV-Vis flow spectrometer where the absorbance intensity at 450 and 500 nm are 
recorded over time. Total volume of both reactors is 90 µL, of which the magnetic stirrer occupies 14 µL. Thus, the effective 
reactor volume is 76 µL. 

Calibrate BAPNA Hydrolysis to Trypsin Activity in Flow 

The system state is defined as the steady-state concentration of Tr in the outflow. Similarly to the 
batch experiments in this thesis (see Chapter 3.2), a standard BAPNA reporter assay is used to track 
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the concentration of Tr. For the calibration of the chemical network in flow, we adapt the 
experimental setup in Figure 3.5 slightly (see Appendix A.2 Exp 18). Instead of two reactors in series, 
only R2 is used with three inputs, BAPNA, Tr, and Buffer. Three syringes filled with chosen stock 
solutions (see Table 3.1) are installed on a syringe pump holder and connected to a microfluidic chip 
using flexible tubing. The chip acts as the detection reactor, where Tr is directly combined with 
BAPNA and a buffer to initiate the conversion of BAPNA into the detectable pNA. The outflow out of 
R2 is fed into a UV-Vis spectrometer where the transmittance intensities at 450 and 500 nm are 
recorded over time. 

By controlling the flow rates out of the syringes, the target concentration of Tr inside the reactor is 
controlled. Monitoring the ratio of transmittance intensity at 500 nm to 450 nm against time for each 
step of [Tr]0 until a steady state is reached, allows the system to be calibrated in flow conditions. The 
results of the calibration are shown in Figure 3.6, which shows the reached steady state signal 
values at every [Tr] step. The calibration line for [BAPNA]0 = 2.8 mM in flow is 

[Tr] = 3.943 (
I(500)

I(450)
)

SS
− 4.595.        (3.1) 

  

Figure 3.6. Calibration of BAPNA hydrolysis in flow conditions. [BAPNA]0 = 2.8 mM. (a) The y-axis shows the ratio between 
the transmittance intensity at 500 nm divided by the intensity at 450 nm, which are the two intensities directly monitored 
by the UV-Vis spectrometer. The flow rate of the Tr syringe into the reactor is adjusted manually (and compensated to keep 
a constant flow rate by adjusting the Buffer syringe) to create Tr-steps, after which the system is allowed to equilibrate. The 
equilibrium intensity ratio of each step is thus correlated with the concurrent tr concentration in flow. Conditions: flow rate 
through R1 2000 μL h-1 (τ = 2.28 min). (b) Calibration curve relating steady state (plateau) signal values to concurrent [Tr]. 
The values are taken as the average of the last 20% of data points of a Tr step. Error bars are s.e. Signals until I(500)/I(400) 
= 25 (corresponding to [Tr] = 100 μM) are fitted with a linear fit. Linear fit R2 = 0.982. Signals where the calibration is nonlinear 
are typically not achieved in experiments (see Chapter 4.2).  

a b 
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Chapter 4 – Results and Discussion 

4.1 – Effect of La3+ on the Autocatalysis in batch 
We performed experiments in batch conditions to examine the behavior of the autocatalytic network 
when subjected to changes in La and Tg. Figure 4.1a depicts the experimental setup, wherein a 96-
well plate is used to test many conditions simultaneously. We varied [La3+]0 and [Tg]0 across rows 
and columns, respectively, to examine the effect of [La3+]0 and [Tg]0 on the autocatalytic conversion 
of Tg into Tr. From top to bottom, [La3+]0 increases from 0.0 mM to 2.0 mM (green gradient), and 
across the columns, [Tg]0 increases from 0 μM to 200 μM (yellow gradient). The experiments are 
performed with [Tg]0 duplicates, indicated by the dotted grey rectangle. The resulting absorbance 
curves are depicted per well in the small graphs.  

 

Figure 4.1. Generation and post-processing of data acquired from autocatalysis kinetic assay. Figure structure inspired by 
and adapted from [39]. (a) Autocatalytic data gathered from a 96-well plate experiment. Conditions: [La3+]0 = 0.0 mM, 0.2 
mM, 0.4 mM, 0.5 mM, 0.6 mM, 1.0 mM, 1.5 mM, and 2.0 mM across the rows (green gradient). [Tg]0 = 0 μM, 40 μM, 80 μM, 
100 μM, 150 μM, and 200 μM across the columns in duplicate (yellow gradient). All wells contained [Tr]0 = 0.25 μM, [BAPNA]0 
= 1.0 μM, and [Ca2+]0 = 20 mM. Buffered by 0.5 M TRIS-HCl pH = 7.8. Total well volume 200 μL. Grey dotted rectangle 
indicates duplicates. Blue dotted rectangle indicates a sample set of data for the next panel. The autocatalysis data is 
smoothed and converted from absorbance to [pNA]t (step 1). The time at which a threshold at 50% of the plateau (½-
threshold time) is reached is used as a measure of characteristic autocatalysis speed (step 2). (b) Example set of 
autocatalysis data (plate column 11, [Tg]0 = 200 μM) with varying [La3+]0. The red dotted line illustrates the ½-threshold. 
Duplicate measurements are aggregated (step 3) and a heatmap is generated based on the ½-threshold times (step 4) to 
yield the last panel. (c) Heatmap showing the ½-threshold times for all wells in duplicates.  

Briefly, we analyzed the data for each well as follows. First, we used a MATLAB® built-in data 
smoothing function to reduce the noise of the data, and we converted the absorbance data to [pNA] 
concentrations (see Chapter 3.2 for details) (step 1). We then used an arbitrary threshold (step 2), in 
this case at 50% of the maximum [38], to analyze the steepness of the curves. Figure 4.1b shows 
this threshold as a red dotted line. In the same figure, we show at which time each curve crosses this 
threshold with small, dotted lines. We named the time at which each curve reaches this threshold 
the ½-theshold time, and we use it as a measure of autocatalysis rate. Figure 4.1b depicts a sample 
set of autocatalysis data (wells in column 11, [Tg]0 = 200 μM), where we see that an increase in [La3+]0 
(indicated by the color change) causes the curves to shift to the left, and thus causes the ½-theshold 
time to shift to the left, which indicates an increase in activation of the steep part of the curve. This 
activation of the steep part of the curve confirms that autocatalysis occurs.  
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To further quantify the increase in activation caused by an increase in [La3+]0, we used the threshold 
at 50% of the [pNA] plateau value for all wells [38] and gathered the experimental duplicates (step 
3).  Based on the ½-threshold time values for each well, we generated a heatmap (step 4) which 
summarizes the autocatalysis behavior of all wells. Figure 4.1c depicts this heatmap, where we see 
that an increase in [La3+]0 (from top to bottom) causes the halfway time to drop, indicating an 
increase in autocatalysis speed. An increase in [Tg]0 (from left to right) has a similar effect. Columns 
1 and 2 with [Tg]0 = 0 μM did not reach the threshold, as no autocatalysis was observed. 

The observations from the heatmap serve as the basis for our choice of conditions for experiments 
in flow. For every value of [Tg]0, the effect of La3+ on t½ saturated after [La3+]0 = 1.0 mM, hence using 
higher values than [La3+]0 = 1.0 mM is unnecessary. Varying [La3+]0 had the largest effect within the 
region [La3+]0 = 0.2 – 1.0 mM. Preliminary experiments in flow conditions have indicated that 
significant precipitation of La3+ occurs for [La3+]0 > 0.5 mM due to the limited solubility of La3+ at pH = 
7.6 [40]. Hence, we conclude that the optimum region of [La3+]0 to observe changes in bistability is 
between 0.2 and 0.5 mM in flow conditions.  

4.2 – Control over Bistability in Out-Of-Equilibrium Conditions with 
La3+ 
To demonstrate our aimed ability to control bistability using La3+ as a controlling parameter, we used 
an experimental working strategy to familiarize ourselves with the setup which allows us to work in 
out-of-equilibrium conditions required for the system’s bistable behavior. The conditions we work in 
(e.g., [Tr]0, [Tg]0, [La3+]0) are based on the system’s autocatalytic behavior in batch (Chapter 4.1). The 
flow setup is described in Chapter 3.3. Briefly, we use a programmable syringe pump in which 
syringes filled with chemicals are connected to a series of CSTRs by flexible tubing. By setting the 
flow rates of each syringe, the concentration of that chemical can be controlled. The outflow out of 
the system is analyzed by UV-vis spectrometry and the signal is converted into [Tr] by a calibration 
curve. 

We screened optimal flow rates to study bistability (See Appendix A.2, Exp 11-17). We tested flow 
rates of 250 µL h-1 (τ = 18.24 min), 500 µL h-1 (τ = 9.12 min), 1500 µL h-1 (τ = 3.04 min), 2000 µL h-1 (τ = 
2.28 min), and 3000 µL h-1 (τ = 1.52 min). We found that flow rates of 1500-2000 µL h-1 provided 
optimal conditions for bistability to emerge and were sufficiently fast so that an experiment can be 
performed within a working day. Flow rates lower than 1500 µL h-1 took too long to reach steady 
states and did not remove partially precipitated La3+ fast enough. Flow rates higher than 2000 µL h-1 
were too fast to allow for bistability [16]. 

The system’s bistability is given by the response to different [STI]0 conditions, where [STI]0 is suddenly 
changed from a baseline value [STI]-1 to a desired [STI]0. To demonstrate the system’s bistability, we 
programmed the syringe pump to vary the flow of STI accordingly (See Appendix A.2, Exp 21-26). 
Figure 4.2 depicts a sample response of the system (black points) when subjected to sudden [STI]0 
changes (red points). After every [STI]0 step, the system is brought back to a baseline state ([STI]-1 = 
23 µM), where we were confident that virtually all Tr is inhibited, to reset the system. Each set of two 
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STI values ([STI]-1 to [STI]0) can be seen separately from the rest of the experiment. The bistability is 
clearly visible, as only two states are reached, [Tr]L

SS (e.g., at t = 10 min) and [Tr]H
SS (e.g., at t = 70 min). 

[Tr]L
SS is reached for high [STI]0 (e.g., 8 µM), and [Tr]H

SS is reached for low [STI]0 (e.g., 0.5 µM). For [STI]0 
= 4 µM, the low state is reached, but for [STI]0 = 3 µM, the signal suddenly shoots up, indicating that 
the switching point between [Tr]H

SS and [Tr]L
SS is somewhere in between these two values. 

 

Figure 4.2.  Sample data of system bistable response to sudden changes in [STI]0 input steps. Conditions: flow rate through 
R1 = 2000 μL h-1, [La3+]0 = 0.40 mM, [Tr]0 = 6 μM, [Tg]0 = 250 μM, [Ca2+]0 = 100 mM, buffered by TRIS-HCl 0.2 M pH 7.8. Flow 
rate through R2 = 2667 μL h-1, [BAPNA]0 = 2.8 mM. Note that any regions where bubbles caused unusable data have been 
removed. For raw data, see Appendix A.2 Exp 24. 

To better visualize the switching from low to high states, we noted the value of the signal at the end 
of each STI step and plotted this signal against [STI]0 (see Figure 4.3). This gave the conventional form 
of a bistability plot [41] where the system state ([Tr]SS) is plotted against an input parameter ([STI]0). 
We performed the experiment in Figure 4.2 for two different [La3+]0 to investigate the effect of 
changing [La3+]0 on the bistable response of the system (filled squares), which is our aimed 
demonstration. Figure 4.3 shows the bistability of the system when subjected to sudden STI changes 
at varying [La3+]0. We also performed both [La3+]0 series in the reverse direction, i.e., the baseline is 
[STI]-1 = 0.5 µM where close to no Tr is inhibited (empty squares). The figure shows that low [STI]0 
generally gives a high-Tr state, and high [STI]0 gives a low-Tr state response. Addition of La3+ shifts the 
high-Tr state to higher values. The value of [Tr]H

SS was increased from ~20 µM to ~80 µM when we 
increased [La3+] from 0.10 mM to 0.40 mM. We hypothesize that this increase is due to an increase 
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in the rate of autocatalysis caused by the addition of La3+. More Tr is formed in flow, which shifts the 
high-Tr state upwards. 

 

Figure 4.3. Bistability plot of system steady states ([Tr]SS). [Tr]SS is plotted against the input parameter [STI]0 when [STI]0 is 
changed suddenly from a baseline ([STI]-1 = 23 µM, filled squares or [STI]-1 = 0.5 µM, empty squares) to [STI]0, at varying 
[La3+]0. Red points ▪: [La3+]0 = 0.10 mM, blue points ▪: [La3+]0 = 0.40 mM. Conditions: Flow Rate through R1 = 2000 µL h-1, 
[Tg]0 = 250 µM, [Tr]0 = 6 µM, flow rate through R2 = 2667 µL h-1 [BAPNA]0 = 2.8 mM for both data series. The series [La3+]0 = 
0.10 mM was performed twice and averaged, therefore the error bars are s.e. (n=2). 

We also see that the forward and reverse direction of changing [STI]0 ([STI]-1 = 23 µM and [STI]-1 = 0.5 
µM, respectively) follow different paths, which confirms the hysteretic behavior of the system. At 
[La3+]0 = 0.40, the system can be in both states when [STI]0 = 4 µM, depending on the direction of 
change from [STI]-1 to [STI]0. The bistable window is clearly visible for the [La3+] = 0.40 series (blue 
points). Within this window, both states are possible, and the [STI]0 path taken critically determines 
the system state. However, for [La3+]0 = 0.10 mM, this is harder to see. This is because lower values 
of [Tr]SS are reached when [La3+]0 is 0.10 mM. Briefly, in the forward direction ([STI]-1 = 23 µM, red filled 
squares), the low state is reached above [STI]0 = 3 µM, and the high state is reached below this point. 
In the reverse direction ([STI]-1 = 0.5 µM, red empty squares), this switching point is between 4-8 µM. 
The switching point between [Tr]H

SS and [Tr]L
SS for [La3+]0 = 0.40 mM is between [STI]0 = 8-23 µM. Thus, 

we see that the addition of La3+ shifts the bistability by shifting the [STI]-1 = 0.5 µM branch to the right.  

To further investigate the effect of La3+ on the bistable behavior of the network, we looked at the 
history dependent behavior, which has been previously demonstrated [16]. When STI is gradually 
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changed in stairs, the system retains information about the previous path taken and gives a different 
response than the bistability we observed. 

To check the system response to gradual STI concentration variation, we adapted the STI steps. We 
started at a very low value ([STI]0 = 0.5 μM) where almost no Tr is inhibited. The steps increased to a 
very high value ([STI]0 = 23 μM) where we were confident that most Tr is inhibited, and back down in 
a staircase shape (See Appendix A.2, Exp 19-20). The results are shown in Figure 4.4, which shows 
the series where [La3+] = 0.40 mM. The results again show that a high-Tr state is reached at the lowest 
STI steps where autocatalysis dominates, and a low-Tr state is reached at the highest STI step where 
inhibition dominates. When [STI]0 is increased to 15 μM, the high steady state is reached, but when 
[STI]0 is decreased to 15 μM, the low steady state is reached. The system can thus give two responses 
at the same condition, depending on the path taken, again demonstrating the hysteretic response of 
the system to [STI]0 as the input parameter.  

 

Figure 4.4. System response to gradually changing [STI]0 input steps. Conditions: flow rate through R1 = 1500 μL h-1, [La3+]0 
= 0.40 mM, [Tr]0 = 6 μM, [Tg]0 = 250 μM, [Ca2+]0 = 20 mM, buffered by TRIS-HCl 0.5 M pH 7.8. Flow rate through R2 = 2000 μL 
h-1, [BAPNA]0 = 2.8 mM. Note that any regions where bubbles caused unusable data have been removed. For raw data, see 
Appendix A.2 Exp 20. 

We performed the experiment in Figure 4.4 for two different [La3+]0 to observe the effect of adding 
La3+ to the system’s response to gradual [STI]0 changes. To visualize the hysteretic behavior more 
clearly, we again noted the value of the signal at the end of each STI step and plotted this signal 
against [STI]0. Figure 4.5 shows the system's response to gradual [STI]0 changes at two different 
concentrations of La3+ (0.10 mM and 0.40 mM). The direction of [STI]0 change is indicated with the 
colored arrows. The figure shows that low [STI]0 generally leads to a high-Tr response from the system, 
and high [STI]0 generally leads to a low-Tr response. Addition of La3+ changes the behavior of the 
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system by shifting the high-Tr state to higher values. We again hypothesize that this change is due to 
an increase in the rate of autocatalysis when [La3+]0 is increased. Therefore, more Tr is formed in flow, 
which shifts the high-Tr state upwards. 

We also see a change in the amount of STI needed to suppress the high-Tr state when La3+ is added, 
which shifts the curve to the right. For [La3+] = 0.10 mM, the point at which the system switches from 
the low to the high state is between 6 µM < [STI]0 < 10 µM, whereas for [La3+] = 0.40 mM, the switch 
from the low state to the high state happens between 10 µM < [STI]0 < 15 µM. There is a similar change 
in the high-to-low state switch point when La3+ is added.  

 

Figure 4.5. Plot of the history dependent response. The system state ([Tr]SS) is plot against the input ([STI]0). [STI]0 is 
gradually changed from low to high values and back (STI steps), at varying [La3+]0. ▪: [La3+]0 = 0.10 mM, ▪: [La3+]0 = 0.40 mM. 
The arrows indicate the direction of change of [STI]0. The value of [Tr]H

SS is taken as the average of the last 30% of data 
points per [STI]0 step. Error bars are s.e. Conditions for both data series: Flow Rate through R1 = 1500 µL h-1, [Tg]0 = 250 µM, 
[Tr]0 = 6 µM, flow rate through R2 = 2000 µL h-1, [BAPNA]0 = 2.8 mM. 

For both methods of [STI]0 variation, we have demonstrated that addition of La3+ in flow significantly 
affects the response of the system. Addition of La3+ increases the rate of autocatalysis, which shifts 
the high-Tr steady state to higher values, without affecting the low-Tr state. The system’s history 
dependent response to stepwise [STI]0 variation is strongly affected by addition of La3+, as the switch 
between the low and the high state in both directions required more [STI]0 when [La3+]0 was increased. 
When [STI]0 is changed to desired values after reaching a baseline value, which is the bistable 
response, addition of La3+ increased [Tr]H

SS and shifted the switch between the low and high state of 
the kinetic branch ([STI]-1 = 0.5 µM) towards higher [STI]0. The switch between the low and high state 
of the thermodynamic branch ([STI]-1 = 23 µM) was not affected.   
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Chapter 5 – Conclusion 
This thesis was aimed at the control of the bistability of an enzymatic autocatalytic reaction network. 
Contemporary research in systems chemistry has proven that chemical networks are highly diverse 
and can exhibit intelligent functional properties in the right conditions. One such property is 
bistability, a property in which a system can exist in two stable states and can switch between them, 
which is omnipresent in natural and artificial regulatory systems. Bistable chemical systems are 
caused by feedback loops and are widely researched and manipulated to perform interesting 
functions. However, there has existed a wide lack of control over the bistability of these systems by 
controlling the feedback.  

In this thesis, we employed a chemical network based on the autocatalysis of trypsinogen (Tg) to 
trypsin (Tr), in competition with a fast trypsin inhibitor (STI), and demonstrated control over this 
system’s bistability by tuning the concentration of a trivalent lanthanum ion (La3+), which enhances 
the rate of autocatalysis. We demonstrated control over the bistability of a chemical system by 
tuning the strength of the chemical feedback loop. We achieved this by (i) monitoring the 
autocatalytic kinetic behavior of the system in batch, which provided us knowledge about the 
kinetics of the network under varying conditions. This knowledge of the system’s kinetics allowed us 
to (ii) screen the right conditions for bistability when the system is placed in out-of-equilibrium 
conditions. These out-of-equilibrium conditions were necessary for bistability to exist, which we 
achieved by studying the network in flow. Finally, we (iii) demonstrated that the addition of the 
lanthanum ion allows us to control the system’s bistable behavior. Our results show that the system 
is indeed bistable and shows a hysteretic response to variations in the inhibitor concentration. We 
saw that an increase of La3+ in flow affected the bistability and the history dependent response of the 
network by shifting the curves to higher [STI]0. Previously, demonstrations of control over bistability 
by direct tuning of the chemical feedback were rare. Hence, this work addresses the current gap in 
systems chemistry by providing a demonstration of the control over the bistability of a chemical 
system by controlling the strength of the feedback with La3+. 

To further solidify the control over the bistability of this specific network, we would require more 
extensive work on a wide range of lanthanum concentrations. In batch, we saw that the effect of 
adding lanthanum saturated above a certain value, so there is likely a similar effect in flow conditions, 
which we have not investigated. We did not test the system without the presence of lanthanum, so 
we are unsure what range of concentrations would be optimal, while minimizing the precipitation of 
the barely soluble La3+. Still, our findings address a gap in current systems chemistry, and we 
envision that the findings presented here will inspire research into controlling the bistable behaviors 
of different networks. Such research is crucial if we, ultimately, aim to synthesize artificial life-like 
regulatory mechanisms. 
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Chapter 6 – Outlook 
We believe that the work presented in this thesis has several different unexplored paths. Most 
notably, we envision the integration of the bistable network into a chemical analogue of a Schmitt 
trigger (Figure 6.1a). A Schmitt trigger is a type of analog-to-digital signal comparator which, 
differently from a regular comparator, filters noise out of a noisy analog signal (top panel) [42]. Such 
a comparator is a typical example of a bistable system, as the digital output is binary. A regular 
comparator (middle panel) has one signal threshold Scrit (red line), above which the response is 1, 
and below which the response is 0. A Schmitt Trigger (bottom panel) has two different thresholds, 
depending on the direction that the signal is changing in (green lines). While the signal decreases, 
the threshold signal is S1 and while the signal increases, the signal is S2, where S1 < S2. This difference 
in signal threshold depending on the path taken beforehand means that a Schmitt trigger has a 
hysteretic response. This hysteretic behavior means that a sudden decrease or increase in signal 
(noise) does not disturb the response, hence noise is filtered out of the analog data, depending on 
the magnitude of the noise. When we plot the signal-response (input-output) curve of such a Schmitt 
trigger (see Figure 6.1b), we see a strong resemblance with the chemical bistability we have studied 
in this work. Due to this resemblance, we were urged to investigate whether a chemical analogue of 
the Schmitt trigger is possible using our system. 

 

Figure 6.1. Description of a Schmitt trigger. (a) A noisy analog signal (top) is converted into a binary digital response, a 
typical example of a bistable system. A regular comparator (middle) has a threshold at a constant value. Noise in the analog 
is kept in the response. A Schmitt trigger (bottom) has two different thresholds, depending on the signal path taken 
beforehand. The threshold when the signal is increasing is S2, the threshold when the signal is decreasing is S1, where S1 < 
S2. A Schmitt trigger is thus hysteretic. The hysteresis filters noise out of the analog data. (b) Plot of the signal-response 
(input-output) curve of a Schmitt trigger.  

To investigate whether a chemical Schmitt trigger is possible using our trypsin autocatalytic CRN, 
we planned to dedicate a part of this thesis to the analysis of the stability of the steady states. That 
is, how resilient are the system’s steady states to sudden perturbations in signal? By performing a 
so-called stability analysis of nonlinear systems, we planned to evaluate the mathematical stability 
of our steady states, and to study the effect of La3+ thereon. However, due to time constraints, our 
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focus shifted away from this study. We still envision that such an analysis may provide key insights 
into the development of a chemical noise filter, using a chemical analogue of a Schmitt trigger. We 
are yet unsure to what extent the Schmitt trigger quantitively matches with our chemical system in 
terms of scale, sensitivity to signals, or the range in which the thresholds can be tuned. 

A significant portion of time spent on this project was aimed at the creation of a mathematical model 
in MATLAB based on the network’s kinetic equations, which are listed in Figure 2.2b. We made 
several draft versions of the model, but we did not manage to reach a state where the model was 
finished enough to include in the main text. For the model to be accurate to our system, we require 
values of the kinetic parameters of the reactions, or at minimum good guesses of them. Some values 
are reported in literature, but some values are not or have a wide spread of reported values. We thus 
aimed to measure these parameters ourselves by fitting kinetic data in batch. However, this proved 
difficult, and we were not able to perform this fitting while also keeping our focus on the key 
demonstration. The main purpose of the mathematical model that we envisioned was to predict 
under which conditions bistability would be best to study in flow conditions. However, we later 
decided that our decision for the working conditions in flow should be a general guess based on the 
autocatalytic behavior in batch. From this guess of parameters, we performed several experiments 
to familiarize ourselves with the system (see Appendix A.2, Exp 11-14), and to converge towards 
correct conditions. We have developed most of the model, but due to a lack of confirmed rate 
constants, the model is not yet optimized. However, developing this model further would enable a 
comparison between bistability in theory and in practice. 

To observe the output of the CRN, we used the reporter molecule BAPNA, which should not interfere 
with the autocatalytic kinetics. However, since the conversion of BAPNA requires Tr to participate, 
we were interested in whether the presence of BAPNA significantly affected the rate of the other 
chemical reactions or not. To this end, we performed a set of preliminary experiments in batch, 
similar to the kinetic assay that was described in Chapter 4.1, but without the presence of BAPNA 
(see Appendix A.1, Exp 6-10). We tracked the autocatalytic increase in Tr by a standard aliquoting 
procedure. Our preliminary results indicate that the binding of Tr to Tg follows substrate inhibition 
kinetics [43]. The addition of La3+ did not seem to affect this behavior. To investigate the results of 
these experiments further, we planned to fit a substrate inhibition Michaelis-Menten kinetic model 
to our data to extract kinetic parameters. However, this proved difficult, and we no longer aimed for 
the kinetic parameters for the model, so we did not follow through on this. We instead focused on 
the demonstrations in the main text. The experimental data is available. 

We have described several possible pathways that we could take this project after the finalization of 
this thesis. We described a few specific features of the project that were unexplored or partially 
explored. More generally, by using our autocatalytic bistable network, and by controlling the 
bistability with La3+, we envision that the creation of a chemical analogue of a Schmitt trigger is the 
next step in this project.  
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Appendices 
MATLAB scripts and raw data are available from the author by request. 

Appendix A – Detailed Experimental Procedures, Conditions and 
Data 
Extended information including procedures, conditions and data for a selection of successful 
experiments throughout the course of this thesis. 

A.1 – Batch Experiments 

Experiment 1 – Calibrate Trypsin Activity by BAPNA Hydrolysis in Batch 
To calibrate trypsin concentration by BAPNA in batch, we performed a well plate experiment at 
varying trypsin concentrations. A wide range of [Tr] should be used, across at least 2-3 orders of 
magnitude. Hence, several Tr stock solutions should be prepared to make the required additions of 
volume realistic in size and to keep approximately the same total well volume in all the wells. The 
stock solutions used for this experiment are as follows. 

• Tr stocks  
o Tr1 = 250 uM Tr in [4 mM HCl + 20 mM CaCl2]  
o Tr2 = 50 uM Tr in [4 mM HCl + 20 mM CaCl2]  
o Tr3 = 5 uM Tr in [4 mM HCl + 20 mM CaCl2]  

• BAPNA stock (25 mM BAPNA in DMSO) 
• Buffer stock (0.5 M TRIS-HCl pH 7.8 + 20 mM CaCl2) 

The conditions for the calibration of the BAPNA cleavage reporter reaction are tabulated in Table 
A1.1. All wells contain [BAPNA]0 = 0.7 mM, and [Ca2+]0 = 20 mM and are buffered by 0.5 mM TRIS-HCl 
pH = 7.8. [Tr]0 is varied in the wells in triplicates. 

In all wells: 
[BAPNA]0 = 0.7 mM 
[Ca]0 = 20 mM 

1, 2 & 3 4, 5 & 6 7, 8 & 9 10, 11 & 12 

A 15 nM Tr 100 nM Tr 250 nM Tr 500 nM Tr 

B 1.0 μM Tr  1.5 μM Tr 2.0 μM Tr 2.5 μM Tr 

C 3.0 μM Tr  3.5 μM Tr  4.0 μM Tr 4.5 μM Tr 

D 5.0 μM Tr 7.5 μM Tr 10 μM Tr 25 μM Tr 

Table A1.1. Experimental conditions for the calibration of the BAPNA cleavage reaction. The table represents the 
dimensions of half of a 96-well plate. [Tr]0 is varied as triplicates across the wells, from left to right and from top to bottom. 
All wells contain [BAPNA]0 = 0.7 mM, and [Ca2+]0 = 20 mM, and are buffered by 0.5 mM TRIS-HCl pH = 7.8. 

The volumes added of each stock solution are tabulated in Table A1.2. First, all wells are filled with 
the appropriate volume of the appropriate Tr stock, and subsequently the reactions are initiated by 
addition of 190 of a bath of BAPNA and buffer. 
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 1, 2 & 3 4, 5 & 6 7, 8 & 9 10, 11 & 12 Bath 
composition 

A 0.4 μL Tr3  
190 μL Bath  

4.0 μL Tr3  
190 μL Bath  

10.0 μL Tr3  
190 μL Bath  

20.0 μL Tr3  
190 μL Bath  

280 μL 
BAPNA 

+ 
9720 μL 
Buffer 

B 4.0 μL Tr2  
190 μL Bath  

6.0 μL Tr2  
190 μL Bath  

8.0 μL Tr2  
190 μL Bath  

10.0 μL Tr2  
190 μL Bath  

C 12.0 μL Tr2  
190 μL Bath  

14.0 μL Tr2  
190 μL Bath  

16.0 μL Tr2  
190 μL Bath  

18.0 μL Tr2  
190 μL Bath  

D 4.0 μL Tr1  
190 μL Bath  

6.0 μL Tr1  
190 μL Bath  

8.0 μL Tr1  
190 μL Bath  

20.0 μL Tr1  
190 μL Bath  

Table A1.2. All volumes of stocks added for the calibration of the BAPNA cleavage reaction. The table represents the 
dimensions of half of a 96-well plate. The stock names refer to the list of stocks for this experiment. All reactions are 
initiated by the addition of 190 μL of the bath mixture, of which the composition is listed in the rightmost column. [Tr]0 is 
varied across the wells, from left to right and from top to bottom ([Tr]0 = 0.015, 0.1, 0.25, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 
4.5, 5.0, 7.5, 10, and 25 µM). 

The data of this experiment contains many BAPNA hydrolysis curves. The initial rate of change of the 
absorbance is taken for each curve. The triplicates are averaged, and these averages are plotted 
against the value of [Tr]0 as in Table A1.2. This is shown in Figure A1.1. The points below [Tr] = 10 µM 

behaved linearly and are thus fitted with a linear matrix regression, the result is [Tr]t = 912.6
dA

dt
.  

 

Figure A1.1. Data from calibration curve of BAPNA hydrolysis. Linear fit [Tr]t = 912.6
dA

dt
. 

Experiment 2 – Determine Molar Absorbance of pNA 
To convert absorbance values directly to pNA concentration, we determined the molar absorbance 
of pNA by means of well plate experiments. The stock solutions used for this experiment are as 
follows. 

• Tr stock (40 µM Tr in [4 mM HCl + 20 mM CaCl2]) 
• Tg stock (5 mM Tg in [4 mM HCl + 20 mM CaCl2]) 
• BAPNA stock (25 mM BAPNA in DMSO) 
• Buffer stock (0.5 M TRIS-HCl pH 7.8 + 20 mM CaCl2) 
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The conditions for the experiment are shown in Table A2.1. All wells contain [Tr]0 = 1 µM, [Tg]0 = 100 
µM and [Ca2+]0 = 20 mM and are buffered by 0.5 mM TRIS-HCl pH = 7.8. [BAPNA]0 is varied in the wells 
in triplicates. 

We pipetted Tr in one corner of all wells, then the appropriate BAPNA in the opposite corner. The Tg 
was mixed with Buffer in a bath to achieve appropriate concentrations in the wells. We then pipetted 
this bath using a 12-fold multi pipette into all wells and quickly entered the plate into the plate reader. 
Absorbance was measured at 400 nm for 10 minutes, waited for 12.5 minutes, measured again for 
10 min, waited for 2 min, then measured for 10 more minutes. 

 
1, 2 & 3 4, 5 & 6 7, 8 & 9 10, 11 & 12 

Bath 
composition 

C 5 µL Tr 
0.8 µL BAPNA 
190 µL Bath 

5 µL Tr 
1.6 µL BAPNA 
190 µL Bath 

5 µL Tr 
2.4 µL BAPNA 
190 µL Bath 

5 µL Tr 
3.2 µL BAPNA 
190 µL Bath 

100 µL Tg 
5000 µL Buffer 

D 5 µL Tr 
4.0 µL BAPNA 
190 µL Bath 

5 µL Tr 
4.8 µL BAPNA 
190 µL Bath 

5 µL Tr 
5.6 µL BAPNA 
190 µL Bath 

5 µL Tr 
6.4 µL BAPNA 
190 µL Bath 

Table A2.1. Experimental conditions for the retrieval of the molar absorbance of pNA. [BAPNA]0 is varied as triplicates 
across the wells, from left to right and from top to bottom ([BAPNA]0 = 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, and 0.8 mM). All wells 
contain [Tr]0 = 1 µM, [Tg]0 = 100 µM and [Ca2+]0 = 20 mM and are buffered by 0.5 mM TRIS-HCl pH = 7.8. 

The raw data of this experiment contains many curves of BAPNA hydrolysis at varying [BAPNA]0. We 

averaged the triplicates and fitted a basic model (A = Amax(1 − e(−kt))) to the data. The fitted values 
of Amax are plotted against [BAPNA]0, by the law of Lambert-Beer (A = ϵbc) (Figure A2.1a). The slope 
a linear fit through these data (Figure A2.1b) divided by the path length b = 0.56 cm yields the molar 
absorbance of pNA, ϵ = 6.36 mM cm-1.  

 

Figure A2.1. Data from the experiment to gather the molar absorbance coefficient of p-nitroaniline (pNA) at 400 nm. a. 
Reaction curves at varying [BAPNA]0. The data is fitted based on a kinetic model of the system. b. The fitted maximum 
absorbance of each reaction curve is taken based on the fits and plotted against [BAPNA]0. The molar absorbance 
coefficient is retrieved from the slope of the Lambert-Beer linear regression. Linear fit R2 = 0.956.  

a b 
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Experiment 3 – Monitor Effect of La3+ on Trypsin Calibration 
To check whether the calibration curve can be used for real experiments with La3+ present, we 
investigated whether the presence of La3+ affects the calibration of trypsin by BAPNA. The stock 
solutions used for this experiment are as follows. 

• Tr stock (40 µM Tr in [4 mM HCl + 20 mM CaCl2]) 
• La stock (50 mM in mQ) 

o La1 = 50 mM in mQ 
o La2 = 10 mM in mQ 

• BAPNA stock (25 mM BAPNA in DMSO) 
• Buffer stock (0.5 M TRIS-HCl pH 7.8 + 20 mM CaCl2) 

The conditions for the experiment are shown in Table A3.1. 

 1, 2 & 3 
([La3+]0 = 0.0 mM) 

4, 5 & 6 
([La3+]0 = 0.1 mM) 

7, 8 & 9 
([La3+]0 = 0.7 mM) 

10, 11 & 12 
([La3+]0 = 1.4 mM) 

Bath composition 

A 
 

5 µL Tr  
0 µL La1 
190 µL BathA 

5 µL Tr  
2 µL La2 
190 µL BathA  

5 µL Tr 
2.8 µL La1 
190 µL BathA 

5 µL Tr 
5.6 µL La1 
190 µL BathA 

3 mL Buffer 
12 µL BAPNA 
([BAPNA]0 = 0.1 mM) 

B 5 µL Tr 
0 µL La1 
190 µL BathB 

5 µL Tr 
2 µL La2 
190 µL BathB 

5 µL Tr 
2.8 µL La1 
190 µL BathB 

5 µL Tr 
5.6 µL La1 
190 µL BathB 

3 mL Buffer 
24 µL BAPNA 
([BAPNA]0 = 0.2 mM) 

C 5 µL Tr 
0 µL La1 
190 µL BathC 

. 
        . 
                  . 

. 
        . 
                  . 

        . 
         . 
          . 

3 mL Buffer 
36 µL BAPNA 
([BAPNA]0 = 0.3 mM) 

D 5 µL Tr 
0 µL La1 
190 µL BathD 

. 
        . 
                  . 

. 
        . 
                  . 

         . 
          . 
           . 

3 mL Buffer 
48 µL BAPNA 
([BAPNA]0 = 0.4 mM) 

E 5 µL Tr 
0 µL La1 
190 µL BathE 

. 
        . 
                  . 

. 
        . 
                  . 

        . 
         . 
          . 

3 mL Buffer 
60 µL BAPNA 
([BAPNA]0 = 0.5 mM) 

F 5 µL Tr 
0 µL La1 
190 µL BathF 

. 
        . 
                  . 

. 
        . 
                  . 

        . 
         . 
          . 

3 mL Buffer 
72 µL BAPNA 
([BAPNA]0 = 0.6 mM) 

G 5 µL Tr 
0 µL La1 
190 µL BathG 

. 
        . 
                  . 

. 
        . 
                  . 

        . 
         . 
          . 

3 mL Buffer 
84 µL BAPNA  
([BAPNA]0 = 0.7 mM) 

H 5 µL Tr 
0 µL La1 
190 µL BathH 

 
.          .            . 

 
.           .            . 
 

 
.           .            . 
 

3 mL Buffer 
96 µL BAPNA 
([BAPNA]0 = 0.8 mM) 

Table A3.1. Experimental conditions for the investigation of the effect of La3+ on the calibration of trypsin by BAPNA. [La3+]0 
is varied as triplicates across the columns and from [BAPNA]0 is varied across the rows. All wells contain [Tr]0 = 1 µM, and 
[Ca2+]0 = 20 mM and are buffered by 0.5 mM TRIS-HCl pH = 7.8.  

We pipetted the appropriate amount of La one corner of all wells, then Tr. The bath mixture for one 
row was mixed, and added to the wells of that row, and afterwards the plate was placed in the plate 
reader to be measured for 4 minutes. This procedure was repeated for all rows. The absorbance 
profile of each well was converted into [pNA] using the molar absorbance, and the initial reaction 
rate was taken for each well, the results are shown in Figure A3.1a. The averages of the triplicates 
were taken, along with the standard deviations, and plotted in Figure A3.2b, which shows no 
significant difference at different [La3+]. 
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Figure A3.1. Data from the experiment to investigate the effect of La3+ on the calibration of trypsin by BAPNA. a. The full 96-
well plate as a heatmap, where the color of each well corresponds to the initial reaction rate of BAPNA hydrolysis. [BAPNA]0 
is changed row-wise, and [La3+]0 is changed column-wise in triplicates. b. The averages of the triplicates of the 96-well plate 
shown with their standard deviations.  

To retrieve the kinetic parameters, and to solidify the conclusion, we converted the data into a 
Michaelis-Menten plot (reaction rate versus substrate concentration). We fitted a nonlinear 

Michaelis-Menten model to this data, v =
Vmax[S] 

KM+[S]
, where v  is the reaction rate and [S]  is the 

substrate concentration ([BAPNA]). The resulting fitted parameters are Vmax = 7.23 · 10-4 mM s-1, KM 
= 0.6444 mM, and kcat = 0.7234 s-1. 

 

Figure A3.2. Michaelis-Menten plot of the reaction rates across the well plate. The black lines are the [La3+]0 data series. 
The red dashed line is a nonlinear regression based on the Michaelis-Menten kinetics. Error bars are s.e., n = 3. 

Experiment 4 – Monitor Stability of Trypsinogen in Storage Conditions 
To determine whether our chemicals stay active during several hour-long experiments, we tested the 
stability of trypsinogen in relevant conditions. Trypsin and STI are assumed stable for our purposes, 
based on literature reports. The stock solutions used for this experiment are as follows. 

a b 
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• La stock (10 mM in mQ) 
• BAPNA stock (25 mM BAPNA in DMSO) 
• Buffer stock (0.5 M TRIS-HCl pH 7.8 + 20 mM CaCl2) 

The conditions for the experiment are shown in Table A4.1. 

 [La3+] = 0.0 mM [La3+] = 0.2 mM [La3+] = 2.0 mM 
[Ca2+] = 5 mM 1  2  3  
[Ca2+] = 100 mM 4  5  6  

Table A4.1. Experimental conditions for the determination of the stability of Tg in relevant conditions over many hours. Six 
vials are prepared with combinations of two [Ca2+] values and three [La3+] values. All vials contain [Tg]0 = 200 µM and 4 mM 
HCl. 

We prepared six vials with the conditions as tabulated in Table A4.1 and took 5 µL aliquots from each 
vial at 1h, 7.5h, 23h and 30h after the vials were prepared, and placed these aliquots into empty wells 
in a well plate. To these aliquots, I added 195 µL of a bath (0.7 mM BAPNA in Buffer) to initiate the 
hydrolysis of BAPNA. The formed Tr from degradation should cleave BAPNA and give an absorbance 
signal. The plate is placed in the plate reader, and the initial absorbance change rate is measured 
and related to the current Tr concentration using the calibration curve. The results are shown in 
Figure A4.1. Some wells produced initial absorbance rates that were very noisy but indistinguishable 
from zero, and therefore sometimes negative. These values were set to zero. From the data, we see 
no significant formation of Tr in the vials, and therefore conclude that Tg is likely stable over 30 hours 
in these conditions. 

 

Figure A4.1. Plot of the amount of trypsin produced at each condition, over 30 hours. 

Experiment 5 – Perform Autocatalysis Kinetic Assay with BAPNA 
To maintain a constant volume of 200 µL in all wells, a number of La3+ and Tg stock solutions equal 
to the number of different concentration data points of these respective compounds is prepared to 
compensate for the dilution factors. All other compounds are prepared as single stocks. The stock 
solutions used for this experiment are as follows.  

• La stocks (variable molarity in mQ) 
o Row A:   0.0 mM La3+ in mQ 
o Row B:   16 mM La3+ in mQ 
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o Row C:   32 mM La3+ in mQ 
o Row D:   40 mM La3+ in mQ 
o Row E:   48 mM La3+ in mQ 
o Row F:   80 mM La3+ in mQ 
o Row G:   120 mM La3+ in mQ 
o Row H:   160 mM La3+ in mQ 

• Tg stocks (variable molarity in [4 mM HCl + 20 mM CaCl2]) 
o Columns 1&2:   0.0 mM Tg in [4 mM HCl + 20 mM CaCl2] 
o Columns 3&4:   1.6 mM Tg in [4 mM HCl + 20 mM CaCl2] 
o Columns 5&6:   3.2 mM Tg in [4 mM HCl + 20 mM CaCl2] 
o Columns 7&8:   4.0 mM Tg in [4 mM HCl + 20 mM CaCl2] 
o Columns 9&10:   6.0 mM Tg in [4 mM HCl + 20 mM CaCl2] 
o Columns 11&12:  8.0 mM Tg in [4 mM HCl + 20 mM CaCl2] 

• Tr stock (20 µM in [4 mM HCl + 20 mM CaCl2]) 
• BAPNA stock (25 mM BAPNA in DMSO) 
• Buffer stock (0.5 M TRIS-HCl pH 7.8 + 20 mM CaCl2) 

The conditions for the autocatalytic kinetic assay of the chemical network with BAPNA are tabulated 
in Table A5.1. All wells contain [Tr]0=0.25 µM, [BAPNA]0 = 1.0 mM, and [Ca2+]0 = 20 mM and are 
buffered by 0.5 mM TRIS-HCl pH = 7.8. [La3+]0 and [Tg]0 are varied across the rows and columns, 
respectively, with [Tg]0 varied in duplicates. 

In all wells: 
[BAPNA]0 = 1.0 mM 
[Tr]0 = 0.25 µM 
[Ca]0 = 20 mM 

[Tg]0 =  
0 μM 
1 & 2 

40 μM 
3 & 4 

80 μM 
5 & 6 

100 μM 
7 & 8 

150 μM 
9 & 10 

200 μM 
11 & 12 

[La3+]0 =  

0.0 mM   A       
0.2 mM   B       
0.4 mM   C       
0.5 mM   D       
0.6 mM   E       
1.0 mM   F       
1.5 mM   G       
2.0 mM   H       

Table A5.1. Experimental conditions for studying the effect of [La3+]0 and [Tg]0 on the autocatalysis reaction kinetic 
constants. The table represents the dimensions of a 96-well plate. Across the rows, [La3+]0 is varied as 0.0 mM, 0.2 mM, 0.4 
mM, 0.5 mM, 0.6 mM, 1.0 mM, 1.5 mM, and 2.0 mM. Across the columns, [Tg] is varied as 0 µM, 40 µM, 80 µM, 100 µM, 150 
µM, and 200 µM in duplicates. All wells contain [Tr]0=0.25 µM, [BAPNA]0 = 1.0 mM, and [Ca2+]0 = 20 mM and are buffered by 
0.5 mM TRIS-HCl pH = 7.8. The volume in all wells is kept constant at 200 µL. 

Each well is filled with 2.5 µL Tr stock, 2.5 µL of the appropriate La stock, 5 µL of the appropriate Tg 
stock, and filled until 200 µL with BAPNA stock and Buffer until [BAPNA] = 1.0 mM. All wells are 
initiated simultaneously, and starting all the reactions took approximately 70 seconds due to 
delays in pipetting each row separately using a multi pipette. The plate was placed in a plate reader 
and the absorbance at 400 nm was measured for 90 minutes. The resulting absorbance curves 
were converted to [pNA] using the molar absorbance of pNA, the curves were smoothed using a 



   
 

40 

built-in MATLAB data smoothing tool, and the duplicates were aggregated. Figure A5.1 shows a set 
of sample curves that span the range of conditions for this experiment. 

 

 
Figure A5.1. Four example plots of kinetic graphs of the autocatalytic conversion of Tg to Tr, assayed by BAPNA in batch. 
(a) Varying [La3+]0 for [Tg]0 = 0 µM (leftmost column in Table A5.1). (b) Varying [La3+]0 for [Tg]0 = 200 µM (rightmost column). 
(c) Varying [Tg]0 for [La3+]0 = 0.0 mM (top row). (d) Varying [Tg]0 for [La3+]0 = 2.0 mM (bottom row). 

To visualize all the 96 graphs simultaneously, we employed an arbitrary threshold value of 50% of 
the plateau values, which we use as a measure of the rate of autocatalysis (Figure A5.2a). 
Alternatively, we also examined the time at which the reaction rate (slope) is maximum (Figure 
A5.2b). 

a b 

c d 
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Figure A5.1. Two visualizations of all autocatalysis kinetic data in the 96-well plate. (a) Heat map of the times at which 
each curve reached 50% of the plateau. (b) Heat map of the times at which each curve reached its maximum reaction rate. 

From the heat maps, we indeed see that adding Tg and La3+ consistently increases the speed of 
autocatalysis. From these results, and using preliminary knowledge from the group, we conclude 
which conditions are optimal for autocatalysis in flow to observe the bistable behavior. 

Experiments 6–10 – Autocatalysis Kinetic Assay without BAPNA 
To observe the effect of BAPNA on the autocatalysis kinetics, we performed a set of preliminary 
experiments in batch without BAPNA present in the autocatalysis reaction mixture. We performed 
these experiments by a standard aliquoting assay. This method directly means that each experiment 
is time-consuming. Hence, each series of [Tg]0 data is to be done by itself, to minimize the time delay.  
Each [Tg]0 data point is thus a separate experiment. The stock solutions prepared for this experiment 
are as follows and are the same throughout this set of experiments. 

• La stocks (variable molarity in mQ): 
o Row A:  LaA 0 mM La3+ in mQ 
o Row B:  LaB 4 mM La3+ in mQ 
o Row C:  LaC 8 mM La3+ in mQ 
o Row D:  LaD 16 mM La3+ in mQ 
o Row E:  LaE 24 mM La3+ in mQ 
o Row F:  LaF 32 mM La3+ in mQ 
o Row G:  LaG 40 mM La3+ in mQ 
o Row H:  LaH 80 mM La3+ in mQ   

• Tg stocks (variable molarity in [4 mM HCl + 20 mM CaCl2]): 
o For series [Tg]0 = 50 μM (Exp 6): Tg50: 1000 μM Tg in [4 mM HCl + 20 mM CaCl2] 
o For series [Tg]0 = 100 μM (Exp 7): Tg100: 2000 μM Tg in [4 mM HCl + 20 mM CaCl2] 
o For series [Tg]0 = 200 μM (Exp 8): Tg200: 4000 μM Tg in [4 mM HCl + 20 mM CaCl2] 
o For series [Tg]0 = 400 μM (Exp 9): Tg400: 4000 μM Tg in [4 mM HCl + 20 mM CaCl2] 
o For series [Tg]0 = 600 μM (Exp 10): Tg600: 4000 μM Tg in [4 mM HCl + 20 mM CaCl2] 

• Tr stock (2 µM in [4 mM HCl + 20 mM CaCl2]) 
• BAPNA stock (25 mM BAPNA in DMSO) 
• Buffer stock (0.1 M TRIS-HCl pH 7.8 + 20 mM CaCl2) 

a b 
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The experimental conditions for the determination of the effect of BAPNA absence on autocatalysis 
by aliquoting are tabulated in Table A6.1. Each column represents a [Tg]0 series, and thus an entire 
experiment. For each experiment series, we prepared the wells with the appropriate conditions. As 
often as possible, we took 10 µL aliquots from each well and placed them in a separate 96-well plate. 
In practice, this was approximately one aliquot every 2-5 minutes, getting quicker with practice. We 
added 190 µL of a bath mixture (0.7 mM BAPNA in Buffer) to these wells to initiate the detection 
reaction, and quickly placed this detection plate in the plate reader for 1.5 minutes. The initial rate 
of absorbance change is related to concurrent Tr concentration in the main reactor well via the 
calibration curve. This Tr concentration is then plotted over time. 

In all wells: 
[Tr]0 = 0.05 µM 
[Ca]0 = 20 mM 
[BAPNA]0 = 0 mM 

[Tg]0 = 50 μM 
(Experiment 6) 

[Tg]0 = 100 μM 
(Experiment 7)) 

[Tg]0 = 200 μM 
(Experiment 8) 

[Tg]0 = 400 μM 
(Experiment 9) 

[Tg]0 = 600 μM 
(Experiment 10) 

[La3+]0 =  

0.0 mM   A 

5 μL LaA 

5 μL Tr 
10 μL Tg50 

180 μL Buffer 

5 μL LaA 
5 μL Tr 

10 μL Tg100 

180 μL Buffer 

2.5 μL LaA 
2.5 μL Tr 
5 μL Tg200 

90 μL Buffer 

2.5 μL LaA 
2.5 μL Tr 

10 μL Tg400 

85 μL Buffer 

2.5 μL LaA 
2.5 μL Tr 

15 μL Tg600 

80 μL Buffer 

0.1 mM   B 

5 μL LaB 

5 μL Tr 
10 μL Tg50 

180 μL Buffer 

5 μL LaB 
5 μL Tr 

10 μL Tg100 

180 μL Buffer 

2.5 μL LaB 
2.5 μL Tr 
5 μL Tg200 

90 μL Buffer 

2.5 μL LaB 
2.5 μL Tr 

10 μL Tg400 

85 μL Buffer 

2.5 μL LaB 
2.5 μL Tr 

15 μL Tg600 

80 μL Buffer 
0.2 mM   C . . . . . 
0.4 mM   D . . . . . 
0.6 mM   E . . . . . 
0.8 mM   F . . . . . 
1.0 mM   G . . . . . 
2.0 mM   H . . . . . 

Table A6.1. All concentrations and volumes of stocks added for the experiment to determine the effect of absence of 
BAPNA on the autocatalysis reactions. The table represents a number of columns of a 96-well plate, where each [Tg]0 series 
in the table represents two columns of a well plate. Each [Tg]0 series is thus in duplicate.  

The results of each experiment are summarized in Figure A6.1a-e. We clearly see an autocatalytic 
shape of the curves, implying that we observe what we expect. Our aim was to capture the region of 
the curve in which less than 10% of Tg has been converted. After this point, the true rate of 
autocatalysis can no longer be captured. We see that adding Tg and La3+ increases the speed of the 
autocatalysis, but after a certain point (Figure A6.1c), adding Tg makes the curves slower again. 
According to literature procedure [42], the apparent rate of autocatalysis can be extracted by first 

taking the ratio of the rate at each data point and dividing it by the initial rate, 𝑣

𝑣0
. Then, a linearization 

of ln
𝑣

𝑣0
  versus time gives a straight line of which the fitted slope, 𝛿 , is the apparent rate of 

autocatalysis. By plotting 𝛿 against [Tg]0, the substrate binding kinetics can be characterized in a 
Michaelis-Menten plot, see Figure A6.1f. We note that the shape of the Michaelis-Menten plot is 
unconventional and represents that of a substrate-inhibition reaction [1]. The data indicates that 
adding Tg over ~200 µM leads to a significant reduction to autocatalysis rate. By fitting such a 
substrate-inhibition model, we can fit the kinetic Michaelis-Menten parameters of the reaction. Due 
to time restrictions, we did not follow through with this. 
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Figure A6.1. Autocatalytic trypsin concentration over time, in the absence of BAPNA, with varying [La3+]. (a) Series [Tg]0 = 
50 µM (Exp 6). (b) Series [Tg]0 = 100 µM (Exp 7). (c) Series [Tg]0 = 200 µM (Exp 8). (d) Series [Tg]0 = 400 µM (Exp 9). (e) Series 
[Tg]0 = 600 µM (Exp 10). (f) Combined Michaelis-Menten plot of panels (a)-(e). 

A.2 – Flow Experiments 

Experiments 11–14 – Familiarize with Flow Setup and Develop Flow Protocol 
Experiment 11. To familiarize myself with the flow setup, we performed several experiments to test 
the behavior and limits of the setup. Each experiment thus did not have an explicit goal, and was 

a b 

c d 

e f 
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mostly aimed to gain experience with using the setup. First, we aimed to develop a written protocol 
for the group, the protocol is reported in Appendix B.1. To this end, we set up two CSTRs in series. 
We prepared stock solutions according to our desired concentrations in flow, and filled syringes with 
these stock solutions. We connected the syringes to the CSTRs according to the scheme shown in 
Figure A11.1. Note that this experimental setup is different from the setup reported in the main text 
(Chapter 3.3) because we improved on this setup later (see Exp 15).  

 

Figure A11.1. Schematic representation of the experimental setup used for familiarization with the flow setup 

The stock syringe solutions used for this experiment are as follows. The name of each syringe is 
highlighted in bold for ease of reference. 

• Tr + Tg (15 uM Tr + 400 uM Tg dissolved in [4 mM HCl + 20 mM CaCl2]) 
• STI (50 uM STI dissolved in Buffer1) 
• Buffer1 (0.5 M TRIS-HCl pH 7.8 + 20 mM CaCl2) 
• Buffer2 (0.5 M TRIS-HCl pH 7.8 + 20 mM CaCl2) 
• La (5 mM La(NO3)3.6H2O dissolved in mQ) 
• BAPNA (11.2 mM BAPNA dissolved in [0.20 mQ + 0.72 DMFA + 0.08 DMSO v:v]) 

Note that Tr and Tg are dissolved together in the same stock solution. Due to a limited number of 
syringe slots in the syringe holder, we were forced to combine two stock solutions. Since Tr and Tg 
are stabilized under stock conditions (see Chapter 3.2), we considered it safe to store them together. 
The experimental procedure, the programmed flow rates of each syringe, is tabulated in Table A11.1. 

(Values in µL/h) High La3+ Low La3+ 
Flush 

High La3+ Low La3+ 
High [STI]-1 High [STI]-1 High [STI]-1 High [STI]-1 Low [STI]0 High [STI] 

R1 

Tr + Tg 50 50 50 50 50 50 50 
La 50 10 0 50 10 10 10 
STI 50 50 0 50 50 10 50 
Buffer1 100 140 200 100 140 180 140 

 
R2 

R1 Out 250 250 250 250 250 250 250 
BAPNA 100 100 100 100 100 100 100 
Buffer2 1250 1250 1250 1250 1250 1250 1250 

 R2 Out 1600 1600 1600 1600 1600 1600 1600 
Table A11.1. Design of the experiment (Exp 11) to familiarize with the flow setup. 
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Figure A11.2. Experimental data for the familiarization of the flow setup. (a) Experimental variation of [La3+] over time. (b) 
Experimental variation of [STI]0 over time. (c) Transmittance at 450 nm. (d) Transmittance at 550 nm. (e) Experimental signal 
over time, defined as the transmittance at 550 nm divided by the transmittance at 450 nm over time. 

The experimental data is reported in Figure A11.2. This figure shows the general format of raw flow 
data that we report in this text. Figure A11.2a-b show the programmed concentration steps of La3+ 
and STI in flow. Figure A11.2c-d show the crude transmittance at 450 nm and 500 nm, respectively, 
as measured by the UV-vis spectrometer. Figure A11.2e shows the ‘signal’ of the system, which we 
considered as the transmittance at 550 nm divided by the transmittance at 450 nm. Using a 
calibration curve in flow (see Exp 18), we could relate this signal to the current trypsin concentration. 
In later experiments we measure the transmittance at 500 nm instead of 550 nm as a more accurate 
internal standard. These results do not show any significant findings. The concentration steps 
caused the system to reach its low state and remain there throughout the experiment. From minute 
100 to 145, significant bubbles were present in the tubes, which caused problems for the 
spectrometer and the available volume in the CSTRs. Bubble formation is typically indicated by large 
noise in the signal curve. The result of this experiment is the protocol as reported in Appendix B.1, 
and this experiment provided me with experience in how to operate the system. 

Experiment 12. Next, we aimed to test a very low flow rate to see what effect this would have on the 
signal (Exp 12). This low flow rate of 250 μL h-1 was also used in Exp 11, but those results are not 
usable due to improper variation of the concentrations. The stock syringe solutions used for this 
experiment are as follows.  

• Tr + Tg (15 µM Tr + 400 uM Tg dissolved in [4 mM HCl + 20 mM CaCl2]) 
• STI (50 µM STI dissolved in Buffer1) 

a b 

c d 

e 
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• Buffer1 (0.5 M TRIS-HCl pH 7.8 + 20 mM CaCl2) 
• Buffer2 (0.5 M TRIS-HCl pH 7.8 + 20 mM CaCl2) 
• La (5 mM La(NO3)3.6H2O dissolved in mQ) 
• BAPNA (11.2 mM BAPNA dissolved in [0.20 mQ + 0.72 DMFA + 0.08 DMSO v:v]) 

The experimental procedure, the programmed flow rates of each syringe, is tabulated in Table A12.1. 

(Values in µL/h) 
Flush 

Low La3+ (= 0.2 mM) 
Flush 

High La3+ (= 1.0 mM) 

High [STI]-1 Low [STI]0 High [STI]-1 Low [STI]0 

R1 

Tr + Tg 50 50 50 50 50 50 
La 0 10 10 0 50 50 
STI 0 50 [10 µM] 10 [2 µM] 0 50 [10 µM] 10 [2 µM] 
Buffer1 200 140 180 200 100 140 

 
R2 

R1 Out 250 250 250 250 250 250 
BAPNA 100 100 100 100 100 100 
Buffer2 1250 1250 1250 1250 1250 1250 

 R2 Out 1600 1600 1600 1600 1600 1600 
Table A12.1. Design of the experiment (Exp 12) to test the effect of a very low flow rate (250 μL h-1). 

 

Figure A12.1. Experimental data for the experiment to test a very low flow rate. (a) Experimental variation of [La3+] over 
time. (b) Experimental variation of [STI]0 over time. (c) Transmittance at 450 nm. (d) Transmittance at 550 nm. (e) 
Experimental signal over time, defined as the transmittance at 550 nm divided by the transmittance at 450 nm over time. 

The results of this experiment are shown in Figure A12.1. We tested the effect of going from a high 
STI concentration to a low one (Figure A12.1b), at two different La3+ concentrations (Figure A12.1a). 
The signal shows some variation, indicating that a low and a high state are likely reached. However, 
we did not take enough time to let the system reach a steady state at each step, which makes it 

a b 

c d 

e 
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difficult to reach conclusions. Furthermore, we noticed that this very low flow rate caused significant 
noise in the raw transmittance data (Figure A12.1c-d). We hypothesize that this noise is due to small, 
precipitated lanthanum salt particles forming in the CSTRs due to the limited solubility of La3+ at pH 
= 7.8. We conclude that higher flow rates are needed to effectively prevent as much La3+ from 
precipitating as possible. 

Experiment 13. We were still interested in the experimental design of Exp 12, at double the flow rate 
(500 μL h-1) through the first reactor. To this end, we used the same syringes as in Exp 12, and the 
experimental design is the same, but with all individual flow rates doubled. 

 

Figure A13.1. Experimental data for the experiment to test very short time steps. (a) Experimental variation of [La3+] over 
time. (b) Experimental variation of [STI]0 over time. (c) Transmittance at 450 nm. (d) Transmittance at 550 nm. (e) 
Experimental signal over time, defined as the transmittance at 550 nm divided by the transmittance at 450 nm over time. 

The results are shown in Figure A13.1. Similarly to Exp 12, the system seems to travel between two 
states, but the time allocated for each concentration step was not sufficient for the system to reach 
steady state. We conclude that we must take more time per step to allow the system to reach its 
steady states. 

Experiment 14. We were still interested in the response of the system to STI steps at varying La3+ 
concentrations, so we repeated Exp 13 but with longer time steps, namely we programmed one hour 
for the system to reach its steady states. The syringes used are the same as Exp 13. The experimental 
procedure is tabulated in Table A14.1. 

 

a b 

c d 

e 
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(Values in µL/h) 
Flush 

Low La3+ (= 0.2 mM) 
Flush 

Low La3+ (= 0.2 mM) 

High [STI]-1 Mid [STI]0 High [STI]-1 Low [STI]0 

R1 

Tr + Tg 100 100 100 100 100 100 
La 0 20 20 0 20 20 
STI 0 100 [10 µM] 60 [2 µM] 0 100[10 µM] 20 [2 µM] 
Buffer1 400 280 320 400 280 360 

 
R2 

R1 Out 500 500 500 500 500 500 
BAPNA 100 100 100 100 100 100 
Buffer2 1000 1000 1000 1000 1000 1000 

 R2 Out 1600 1600 1600 1600 1600 1600 

Flush 
High La3+ (= 1.0 mM) 

Flush 
High La3+ (= 1.0 mM) 

High [STI]-1 Mid [STI]0 High [STI]-1 Low [STI]0 

100 100 100 100 100 100 
0 100 100 0 100 100 
0 100 [10 µM] 60 [2 µM] 0 100[10 µM] 20 [2 µM] 
400 200 240 400 200 280 
500 500 500 500 500 500 
100 100 100 100 100 100 
1000 1000 1000 1000 1000 1000 
1600 1600 1600 1600 1600 1600 
Table A14.1. Design of the experiment (Exp 14) to test the response of the system to longer time steps and several STI steps. 

The results of the experiment above are shown in Figure A14.1. After 280 minutes, major bubble 
formation created significant noise. We thus render the data after this point unreliable. Bubbles were 
able to form because we programmed the system to perform the concentration steps automatically. 
We conclude that, going forward, we must manually operate the system throughout the experiments 
to ensure that bubbles are removed on time, as they can get stuck inside the system for extended 
periods of time. Furthermore, to keep each experiment focused, we conclude that we must keep 
[La3+] constant for an experiment. Before bubbles occurred, the data showed promising results. 
Namely, a clear, stable low-state signal is retrieved. The high state was not observed. Lastly, to 
improve efficiency, we aim to increase the flow rate even further. 
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Figure A14.1. Experimental data for the experiment to test very short time steps. (a) Experimental variation of [La3+] over 
time. (b) Experimental variation of [STI]0 over time. (c) Transmittance at 450 nm. (d) Transmittance at 550 nm. (e) 
Experimental signal over time, defined as the transmittance at 550 nm divided by the transmittance at 450 nm over time. 

Experiment 15 – Determine System Response to Gradual STI Increase and Sudden Drop 
To determine the system response to a gradual increase in STI followed by a sudden decrease, we 
performed an adapted form of STI steps. We adjusted the experimental setup slightly to the scheme 
shown in Figure A15.1. We separated Tr and Tg into two separate syringes and removed the second 
Buffer syringe from R2 and combined it with BAPNA instead. 

 

Figure A15.1. Schematic representation of the experimental setup for flow experiments. 

The stock syringe solutions used for this experiment are as follows. The name of each syringe is 
highlighted in bold for ease of reference. 
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• Tr (30 µM in [4 mM HCl + 20 mM CaCl2]) 
• Tg (1000 µM in [4 mM HCl + 20 mM CaCl2]) 
• STI (50 µM STI dissolved in Buffer) 
• Buffer (0.5 M TRIS-HCl pH 7.8 + 20 mM CaCl2) 
• La (5 mM La(NO3)3.6H2O dissolved in mQ) 
• BAPNA (11.2 mM BAPNA dissolved in [0.20 mQ + 0.72 DMFA + 0.08 DMSO v:v]) 

The experimental procedure, the programmed flow rates of each syringe, is tabulated in Table A15.1. 
Note that the flow rate is now 1500 µL h-1. 

(Values in μL/h) [La3+]0 = 0.66 mM 
[STI]0=0.83 µM [STI]0=5.83 µM [STI]0 = 12.5 µM [STI]0=15 µM [STI]0=0.83 µM 

R1 

Tr 300 300 300 300 300 
Tg 375 375 375 375 375 
La 200 200 200 200 200 
STI 25 175 375 450 25 
Buffer 600 450 275 200 600 

R2 
R1 Out 1500 1500 1500 1500 1500 
BAPNA + Buffer 500 500 500 500 500 

 R2 Out 2000 2000 2000 2000 2000 
Table A15.1. Design of the experiment to observe the system response to gradual STI increases followed by a sudden drop. 

 

Figure A15.2. Experimental data of system response to gradual STI increase followed by a sudden drop. (a) Experimental 
variation of [La3+] over time. (b) Experimental variation of [STI]0 over time. (c) Transmittance at 450 nm. (d) Transmittance 
at 550 nm. (e) Experimental signal over time, defined as the transmittance at 550 nm divided by the transmittance at 450 
nm over time. 

a b 

c d 

e 
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The experimental data is reported in Figure A15.2. This figure shows that the gradual increase in 
[STI]0 starting from [STI]0 = 0.83 µM causes the system to remain in the high state, [Tr]H

SS. The low 
state, [Tr]L

SS, was not observed. We note that the value of [Tr]H
SS was not the same for both instances 

of [STI]0 = 0.83 µM, which we hypothesize is due to degradation of Tg inside the syringe, despite our 
results (see Chapter 3.2) indicating that Tg is stabilized in the storage conditions. Figure A15.2d 
shows significant noise in the data, and during the experiment, we observed the formation of 
particles inside the BAPNA + Buffer syringe, indicating that some BAPNA precipitated. We 
hypothesize that the addition of the buffer to this solution diluted the organic solvents for BAPNA, 
which reduced its solubility. We conclude that we should remove the buffer from this syringe, as 
there should be enough buffer from the R1out stream. We also conclude that a gradual increase in 
[STI]0 keeps the system in its high state until a higher [STI]0 than would be the case if we suddenly 
changed [STI]0. For instance, see Figure A12.1, where [STI]0 = 10 µM placed the system in its low 
state, whereas in this experiment (Exp 15), [STI]0 = 15 µM was still not enough to suppress Tr activity 
to the low state. 

Experiment 16 – Capture the Two Steady States 
Thus far, we have not properly captured both the high and the low steady states in one experiment. 
To capture both [Tr]H

SS and [Tr]L
SS, we performed the following experiment. The stock syringe 

solutions used for this experiment are the same as in Exp 15. The experimental procedure is shown 
in Table A16.1. 

(Values in μL/h) [La3+]0 = 0.66 mM 
[STI]0=15 µM [STI]0=0.66 µM 

Flushing 

[STI]0=15 µM [STI]0=0.66 µM [STI]0=15 µM 

R1 

Tr 300 300 300 300 300 
Tg 375 375 375 375 375 
La 200 200 200 200 200 
STI 450 20 450 20 450 
Buffer 175 605 175 605 175 

R2 
R1 Out 1500 1500 1500 1500 1500 
BAPNA 500 500 500 500 500 

 R2 Out 2000 2000 2000 2000 2000 
Table A16.1. Design of the experiment to capture both steady states. 
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Figure A16.1. Experimental data for the experiment to capture both steady states. (a) Experimental variation of [La3+] over 
time. (b) Experimental variation of [STI]0 over time. (c) Transmittance at 450 nm. (d) Transmittance at 500 nm. (e) 
Experimental signal over time, defined as the transmittance at 500 nm divided by the transmittance at 450 nm over time. 

Figure A16.1 shows the experimental results. The two steady states ([Tr]H
SS and [Tr]L

SS) are clearly 
visible. Furthermore, in the latter half of the experiment, we see that [STI]0 = 15 µM gives [Tr]L

SS, and 
going to [STI]0 = 0.66 µM gives [Tr]H

SS. Once [Tr]H
SS is reached, returning to [STI]0 = 15 µM does not 

return the system to [Tr]L
SS, which is a clear proof of hysteretic bistability. The conditions in which 

this experiment was performed will serve as a starting point for more robust, strategic and 
quantitative experiments on the bistability of our system. 

Experiment 17 – Test an Extremely High Flow Rate 
To test how the system would respond to an extremely high flow rate, we performed an experiment 
where STI is gradually increased at a flow rate of 3000 µL h-1. The syringe solutions were the same as 
in Exp 15. Table A17.1 shows the experimental procedure. 

(Values in μL/h) [STI]0=0.42 µM [STI]0=3.33 µM [STI]0=6.67 µM [STI]0=10 µM [STI]0=11.67 µM 

R1 

Tr 800 800 800 800 800 
Tg 600 600 600 600 600 
La 400 400 400 400 400 
STI 25 200 400 600 700 
Buffer 1175 1000 800 600 500 

R2 
R1 Out 3000 3000 3000 3000 3000 
BAPNA 1000 1000 1000 1000 1000 

 R2 Out 4000 4000 4000 4000 4000 
Table A17.1. Design of the experiment to test an extremely high flow rate. 

a b 

c d 

e 
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Figure A17.1. Experimental results for the experiment to test very short time steps. (a) Experimental variation of [Tr]0 over 
time. (b) Experimental variation of [Tg]0 over time (c) Experimental variation of [La3+] over time. (d) Experimental variation of 
[STI]0 over time. (e) Transmittance at 450 nm. (f) Transmittance at 500 nm. (g) Experimental signal over time, defined as the 
transmittance at 500 nm divided by the transmittance at 450 nm over time. 

The results are shown in Figure A17.1. It is difficult to state that we observe clear bistability under 
these conditions. The signal does not seem to vary between two clear states. Instead, it seems that 
intermediate states are also possible, although the response to [STI]0 variations is still nonlinear. We 
decide that this flow rate is too high to reliably observe bistability under the conditions we use, 
although it is difficult to say conclusively with this limited test. We will stick to flow rates between 
1500-2000 µL h-1 through R1, but more testing could be promising for this flow rate. We conclude 
that we have tested enough parameters, and that we want to start working towards the final 
demonstrations using consistent conditions. 

Experiment 18 – Calibrate Trypsin Activity by BAPNA assay in Flow 
To be able to convert the transmittance data to current Tr concentration in flow, we performed a 
calibration for trypsin concentration using BAPNA. We adapted the flow setup as introduced in Exp 
15 slightly, to the schematic shown in Figure A18.1. This setup is only used for this experiment. All 
subsequent experiments thus use the setup as in Exp 15 again. We keep [BAPNA]0 constant, while 
varying [Tr]0. Each step of [Tr]0 will give a different steady state signal. 

 

a b 

c d 
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Figure A18.1. Schematic representation of the experimental setup for the calibration of trypsin by BAPNA in flow. 

The syringe solutions for this experiment are as follows. The experimental procedure is tabulated in 
Table A18.1. 

• Tr stocks: 
o Tr1: 30 µM in [4 mM HCl + 20 mM CaCl2] (first 4 [Tr]0 points) 
o Tr2: 300 µM in [4 mM HCl + 20 mM CaCl2] (last 4 [Tr]0 points) 

• Buffer (0.1 M TRIS-HCl pH 7.8 + 20 mM CaCl2) 
• BAPNA (11.2 mM BAPNA dissolved in [0.20 mQ + 0.72 DMFA + 0.08 DMSO v:v]) 

(Values in μL/h) [Tr]0 =  
0.15 µM 

[Tr]0 =  
1.5 µM 

[Tr]0 =  
7.5 µM 

[Tr]0 =  
19.5 µM 

[Tr]0 =  
52.5 µM 

[Tr]0 =  
97.5 µM 

[Tr]0 =  
150 µM 

[Tr]0 =  
195 µM 

R2 
BAPNA 500 500 500 500 500 500 500 500 
Tr1 or Tr2 10 100 500 1300 350 650 1000 1300 
Buffer 1490 1400 1000 200 1150 850 500 200 

 R2 Out 2000 2000 2000 2000 2000 2000 2000 2000 
Table A18.1. Design of the experiment to calibrate trypsin concentration by BAPNA in flow. 

Figure A18.2a shows the experimental results (in black) combined with the Tr steps (in red). We took 
the steady state (final) value of the signal for each Tr step and plotted this signal against Tr to create 
the calibration curve in Figure A18.2b. The calibration is linear below [Tr]0 = 100 µM. We use this 
calibration curve to convert transmittance signal data into [Tr]. 

  

Figure A18.2. Experimental results of trypsin calibration in flow. (a) Signal data (black) at each Tr step (red). (b) Final 
calibration curve for trypsin by BAPNA in flow. 

a b 
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Experiments 19–20 – Determine System Response to Gradual STI Steps 
We wanted to visualize the system response to gradual [STI]0 changes at varying [La3+]0 to observe 
the effect of La3+ on the history dependent behavior of the network. To this end, we performed two 
experiments, one [La3+]0 per experiment. Both experiments use the same syringe solutions as Exp 15. 

Experiment 19 – La3+ = 0.10 mM. The experimental procedure is tabulated in Table A19.1. We use a 
staircase-wise combination of these conditions. 

(Values in μL/h) [STI]0=0.5 µM [STI]0=2 µM [STI]0=6 µM [STI]0=10 µM [STI]0=15µM 

R1 

Tr 300 300 300 300 300 
Tg 375 375 375 375 375 
La 30 30 30 30 30 
STI 15 60 180 300 450 
Buffer 780 735 615 495 345 

R2 
R1 Out 1500 1500 1500 1500 1500 
BAPNA 500 500 500 500 500 

 R2 Out 2000 2000 2000 2000 2000 
Table A19.1. Design of the experiment to vary STI gradually with [La3+]0 = 0.10 mM. 

Experiment 20 – La3+ = 0.40 mM. The experimental procedure is tabulated in Table A20.1. We use a 
staircase-wise combination of these conditions. 

(Values in μL/h) [STI]0=0.5 µM [STI]0=6 µM [STI]0=10 µM [STI]0=15 µM [STI]0=23 µM 

R1 

Tr 300 300 300 300 300 
Tg 375 375 375 375 375 
La 120 120 120 120 120 
STI 15 180 300 450 690 
Buffer 690 525 405 255 15 

R2 
R1 Out 1500 1500 1500 1500 1500 
BAPNA 500 500 500 500 500 

 R2 Out 2000 2000 2000 2000 2000 
Table A20.1. Design of the experiment to vary STI gradually with [La3+]0 = 0.40 mM. 

The results of both experiments (Exp 19 & 20) are shown in Figure A20.1a-b. Addition of La3+ affects 
the system by increasing the value of the high steady state. Both [Tr]H

SS and [Tr]L
SS were reached by 

variation of [STI]0 stepwise for both [La3+]0. Low [STI]0 causes [Tr]H
SS, and high [STI]0 causes [Tr]L

SS. The 
state that is reached depends on the [STI]0 path taken beforehand, so called history dependent 
behavior. To visualize the specific state reached by each STI step better, we noted the steady state 
value per [STI]0, see Figure A20.1c. We conclude that addition of La3+ increases the magnitude of 
[Tr]H

SS and shifts the switch from [Tr]H
SS to [Tr]L

SS to higher [STI]0, and the switch from [Tr]L
SS to [Tr]H

SS 
was affected in the same way. We have thus demonstrated that addition of La3+ provides control over 
the history dependent bistable behavior of the system. 
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Figure A20.1. Experimental results of gradual variation of [STI]0 in stairs for two different [La3+]0. (a) System response to 
gradual variation of [STI]0 in stairs, for [La3+]0 = 0.10 mM. (b) [La3+]0 = 0.40 mM. (c) History dependent bistability plot. Each 
point is the steady state value of the response to the [STI]0 step. The arrows indicate the direction of change of [STI]0. Error 
bars are s.e. of the last 30% of the data per [STI]0 step. 

Experiments 21–26 – Perform Final Demonstration: Bistability Control by La3+ 

Thus far we have demonstrated the ability to control the history dependent behavior of the system 
by tuning the La3+ concentration. For the final demonstration of this thesis, and to complete the aim 
thereof, we performed a final set of experiments in flow. Each experiment is covered individually, 
and their results are combined in a final bistability plot after Exp 26. For these experiments, the 
syringe solutions are as follows. 

• Tr (30 µM in [4 mM HCl + 20 mM CaCl2]) 
o 100 mM CaCl2 instead of 20 mM for Exp 25 and Exp 26 

• Tg (1000 µM in [4 mM HCl + 20 mM CaCl2]) 
o 100 mM CaCl2 instead of 20 mM for Exp 25 and Exp 26 

• STI (50 µM STI dissolved in Buffer): 
• Buffer (0.2 M TRIS-HCl pH 7.8 + 20 mM CaCl2). 

a b 

c 
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o 100 mM CaCl2 instead of 20 mM for Exp 25 and Exp 26 
• La (5 mM La(NO3)3.6H2O dissolved in mQ). 
• BAPNA (11.2 mM BAPNA dissolved in [0.20 mQ + 0.72 DMFA + 0.08 DMSO v:v]): 

To demonstrate the ability to control the bistability by controlling [La3+]0, the system must be placed 
in the desired [STI]0 conditions while ensuring that the system does not recall information about the 
[STI]0 path taken beforehand. Before and after each [STI]0 step, we returned the system to a baseline 
value ([STI]-1) that is guaranteed to be in either the low state or the high state. Specifically, [STI]-1 = 23 
µM gives [Tr]L

SS, and [STI]-1 = 0.5 µM gives [Tr]L
SS. To this end, we aimed to perform at least four 

experiments. One experiment per branch (‘thermodynamic branch’, [STI]-1 = 23 µM and ‘kinetic 
branch’, [STI]-1 = 0.5 µM), for each [La3+] (0.10 mM and 0.40 mM). The combined results of these 
experiments in the form of a bistability plot will allow us to demonstrate the ability to control the 
bistability of a bistable enzymatic system by tuning the concentration of a rate-enhancing metal ion. 

Experiment 21 – [STI]-1 = 23 µM, [La3+]0 = 0.10 mM (1). The experimental design is shown in Table 
A21.1. The baseline condition ([STI]-1) is returned to before and after every [STI]0 step. The 
experimental results are plotted in Figure A21.1. 

(Values in μL/h) [STI]-1=23 µM [STI]0=0.5 µM [STI]0=6 µM [STI]0=3 µM 

R1 

Tr 400 400 400 400 
Tg 500 500 500 500 
La 40 40 40 40 
STI 920 20 240 120 
Buffer 140 1040 820 940 

R2 
R1 Out 2000 2000 2000 2000 
BAPNA 625 625 625 625 

 R2 Out 2625 2625 2625 2625 
Table A21.1. Experimental design for bistability, [STI]-1 = 23 µM and [La3+]0 = 0.10 (1). 

 

Figure A21.1. Experimental results. Bistability response for [STI]-1 = 23 µM, [La3+]0 = 0.10 mM (1). 
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Experiment 22 – [STI]-1 = 23 µM, [La3+]0 = 0.10 mM (2). The experimental design is shown in Table 
A22.1. The baseline condition ([STI]-1) is returned to before and after every [STI]0 step. The 
experimental results are plotted in Figure A22.1. 

(Values in μL/h) [STI]-1=23 µM [STI]0=8 µM [STI]0=6 µM [STI]0=0.5 µM [STI]0=4 µM [STI]0=2 µM [STI]0=1 µM 

R1 

Tr 400 400 400 400 400 400 400 
Tg 500 500 500 500 500 500 500 
La 40 40 40 40 40 40 40 
STI 920 320 240 320 20 160 80 40 
Buffer 140 740 820 740 1040 900 980 1020 

R2 
R1 Out 2000 2000 2000 2000 2000 2000 2000 
BAPNA 667 667 667 667 667 667 667 

 R2 Out 2667 2667 2667 2667 2667 2667 2667 
Table A22.1. Experimental design for bistability, [STI]-1 = 23 µM and [La3+]0 = 0.10 (2). 

 

Figure A22.1. Experimental results. Bistability response for [STI]-1 = 23 µM, [La3+]0 = 0.10 mM (2). 

Experiment 23 – [STI]-1 = 23 µM, [La3+]0 = 0.10 mM (3). The experimental design is shown in Table 
A23.1. The baseline condition ([STI]-1) is returned to before and after every [STI]0 step. The 
experimental results are plotted in Figure A23.1. 

(Values in μL/h) [STI]-1=23 µM [STI]0=8 µM [STI]0=0.5 µM [STI]0=4 µM [STI]0=2 µM [STI]0=1 µM [STI]0=3 µM 

R1 

Tr 400 400 400 400 400 400 400 
Tg 500 500 500 500 500 500 500 
La 40 40 40 40 40 40 40 
STI 920 320 20 160 80 40 120 
Buffer 140 740 1040 900 980 1020 940 

R2 
R1 Out 2000 2000 2000 2000 2000 2000 2000 
BAPNA 667 667 667 667 667 667 667 

 R2 Out 2667 2667 2667 2667 2667 2667 2667 
Table A23.1. Experimental design for bistability, [STI]-1 = 23 µM and [La3+]0 = 0.10 (3). 
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Figure A23.1. Experimental results. Bistability response for [STI]-1 = 23 µM, [La3+]0 = 0.10 mM (3). 

Experiment 24 – [STI]-1 = 23 µM, [La3+]0 = 0.40 mM. The experimental design is shown in Table A24.1. 
The baseline condition ([STI]-1) is returned to before and after every [STI]0 step. The experimental 
results are plotted in Figure A24.1. 

(Values in μL/h) [STI]-1=23 µM [STI]0=8 µM [STI]0=0.5 µM [STI]0=4 µM [STI]0=2 µM [STI]0=1 µM 

R1 

Tr 400 400 400 400 400 400 
Tg 500 500 500 500 500 500 
La 160 160 160 160 160 160 
STI 920 320 20 160 80 40 
Buffer 20 620 920 780 860 900 

R2 
R1 Out 2000 2000 2000 2000 2000 2000 
BAPNA 667 667 667 667 667 667 

 R2 Out 2667 2667 2667 2667 2667 2667 
Table A24.1. Experimental design for bistability, [STI]-1 = 23 µM and [La3+]0 = 0.40. 

 

Figure A24.1. Experimental results. Bistability response for [STI]-1 = 23 µM, [La3+]0 = 0.40 mM. 
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Experiment 25 – [STI]-1 = 0.5 µM, [La3+]0 = 0.10 mM. The experimental design is shown in Table A25.1. 
The baseline condition ([STI]-1) is returned to before and after every [STI]0 step. The experimental 
results are plotted in Figure A25.1. 

(Values in μL/h) [STI]-1=0.5 µM [STI]0=4 µM [STI]0=8 µM [STI]0=23 µM 

R1 

Tr 400 400 400 400 
Tg 500 500 500 500 
La 40 40 40 40 
STI 20 160 320 920 
Buffer 1040 900 740 140 

R2 
R1 Out 2000 2000 2000 2000 
BAPNA 667 667 667 667 

 R2 Out 2667 2667 2667 2667 
Table A25.1. Experimental design for bistability, [STI]-1 = 0.5 µM and [La3+]0 = 0.10. 

 

Figure A25.1. Experimental results. Bistability response for [STI]-1 = 0.5 µM, [La3+]0 = 0.10 mM. 

Experiment 26 – [STI]-1 = 0.5 µM, [La3+]0 = 0.40 mM. The experimental design is shown in Table A26.1. 
The baseline condition ([STI]-1) is returned to before and after every [STI]0 step. The experimental 
results are plotted in Figure A26.1. 

(Values in μL/h) [STI]-1=0.5 µM [STI]0=4 µM [STI]0=8 µM [STI]0=23 µM 

R1 

Tr 400 400 400 400 
Tg 500 500 500 500 
La 160 160 160 160 
STI 20 160 320 920 
Buffer 920 480 620 20 

R2 
R1 Out 2000 2000 2000 2000 
BAPNA 667 667 667 667 

 R2 Out 2667 2667 2667 2667 
Table A26.1. Experimental design for bistability, [STI]-1 = 0.5 µM and [La3+]0 = 0.40. 



   
 

61 

 

Figure A26.1. Experimental results. Bistability response for [STI]-1 = 0.5 µM, [La3+]0 = 0.40 mM. 

 

Figure A26.2. Bistability plot of the network’s steady states in flow conditions. Combined results from Exp 21–26. Filled 
squares are [STI]-1 = 23 µM, empty squares are [STI] = 0.5 µM. Red squares are [La3+]0 = 0.10 mM, blue squares are [La3+]0 = 
0.40 mM. 

We now take the steady state [Tr] value for each [STI]0 step for these experiments and plot it against 
[STI]0 to create the final bistability plot, see Figure A26.2. [Tr]H

SS is significantly increased (from ~20 
µM to ~80 µM) when we increase [La3+] from 0.10 mM to 0.40 mM. The switching point between [Tr]H

SS 
and [Tr]L

SS is also significantly impacted by addition of La3+. The thermodynamic branch for [La3+]0 
=0.10 mM (filled red squares) has a switching point between [STI]0 = 3-4 µM, and the switching point 
for the thermodynamic branch for [La3+]0 = 0.40 (filled blue squares) is around the same point. Hence, 
the [STI]-1 = 23 µM branch is not shifted horizontally by addition of La3+. However, the kinetic branch 
([STI]-1 = 0.5 µM) is affected differently. For [La3+]0 = 0.10 mM (empty red squares), the switching point 
is between [STI]0 = 4-8 µM, but for [La3+]0 = 0.40 mM (empty blue squares), the switching point is 
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between [STI]0 = 8-23 µM. This difference is most clearly seen by the fact that, for [STI]0 = 8 µM, the 
empty blue square is in the high state, and the empty red square is in the low state. 

The addition of La3+ affects the magnitude of the steady states and the switching point between the 
two states. We have thus demonstrated the ability to control the bistability of the network by 
controlling the amount of La3+ present, which affects the strength of the chemical feedback loop. 

Appendix B – Protocols 

B.1 – Preparation of Flow Experiment 
1. Clean the microfluidic chips:  

a. Squirt mQ into the openings of the microfluidic chip.  
b. Repeat step 1.a. with EtOH  
c. Tap the microfluidic chip holes down on some paper.  
d. Completely dry the microfluidic chip with a N2 gas gun.  

2. Clean the tubes:  
a. Fill a syringe with mQ and block it with a plunger.  
b. Connect the tube to this syringe.  
c. Empty about 1-2 mL of the syringe into the tube to fully rinse it. Do this with some force to ensure the 

tube is fully rinsed.  
d. Repeat steps 2.a. – 2.d. with EtOH.  
e. To dry the tubes, flail them around in the air to evaporate the EtOH.  
f. To completely dry the tubes, shoot a N2 gas gun into the tube until there is no liquid left inside.   

3. Clean the syringes:  
a. Empty the syringes’ contents.  
b. Fill them partially with mQ while keeping a finger on the outlet of the syringe.  
c. Insert the plunger very slightly to block the wide hole.  
d. Turn over the syringe + plunger so that the mQ falls to the plunger.  
e. Remove the finger.  
f. Slowly push the plunger until the mQ reaches the outlet.  
g. Push the syringe empty using the plunger to wash the entire inside of the syringe.  
h. Repeat steps 3.a. – 3.g. with EtOH.  
i. Rinse the plunger entirely with mQ and then EtOH.  
j. Let them dry on a paper towel.  
k. After some time, completely dry them with a N2 gas gun.  
l. After the syringes and plungers are dried, insert the plungers into the syringes all the way and store 

them like this to prevent dust accumulation.  
4. Fill the syringes:  

a. Take a hypodermic needle and connect it to a syringe of the desired size.  
b. Suck the desired stock solution into the cleaned syringe by slowly pulling the plunger. Note: proteins 

in solution are strong surfactants. Take much care to prevent air from being sucked through the 
needle.  

c. After the syringes are filled, label each appropriately by writing the label on a piece of tape and sticking 
it on the glass, as close to the outlet as possible.  

5. Install the syringes into the setup:  
a. Turn on the syringe holder.  
b. Turn on the computer and log in.  
c. Open QMixElements.  
d. Right click the syringe and select ‘configure syringe’.  
e. Select the appropriate syringe size (i.e., 1 mL, 5 mL, 25 mL, etc.).  
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f. Right click the syringe and select ‘reference move’. The syringe will start moving to the null position. 
Make sure the module is empty.  

g. Connect a tube to the syringe you desire to install.  
h. Slowly push the syringe until a small droplet is formed at the tube outlet. Now the tube is filled.  
i. Check how much liquid is left in the syringe. Example: 3.85 mL.  
j. Right click on the ‘yellow arrow pointing up’ icon and enter the maximum value.  
k. Left click on the ‘yellow arrow pointing up’ icon. This will tell the module to retract the syringe holder 

rapidly. Reminder: the syringe is not inside the holder yet. Stop the movement right before the read 
volume inside the syringe is reached. Example: 3.7 mL. If you overshoot, right click the ‘blue arrow 
pointing down’ icon and do the same.  

l. Place the syringe into the holder and tighten it. Make sure the plunger and syringe are perfectly 
horizontal to avoid damaging them.  

m. Repeat steps 5.d. – 5.m. for each filled syringe.  
n. Ensure all syringes are labeled correctly both physically and in QMixElements. 

6. Connect the syringes to the microfluidic chips:  
a. Take the tube of a syringe and stick it into the desired hole in the microfluidic chip.  
b. In QMixElements, right click the ‘blue arrow pointing down’ icon and enter the value ‘6000 μL/h’.   
c. Left click the ‘blue arrow pointing down’ icon and watch the meniscus of the liquid inside the tube 

enter the microfluidic chip. Stop the movement right when the meniscus reaches the reactor  
d. Repeat steps 6.a. – 6.c. for each syringe.   
e. At every moment when all inlets of a microfluidic chip are used, follow the following steps:  

i. Fill the reactor entirely with the least reactive and most abundant syringe content that is 
connected to that respective chip. Fill the reactor until a small droplet forms in the outlet of the 
chip.  

ii. If you desire several reactors in series, insert a connecting tube to the outlet of this reactor. If this 
is the last reactor, insert the UV-vis-connecting tube to the outlet of this reactor.  

iii. Fill the connecting tube until a small droplet forms at the outlet of this connecting tube.  
iv. Enter the outlet of the connecting tube into an inlet of the next sequential reactor if you desire 

several reactors in series. If this is the last reactor, insert the UV-vis-connecting tube into the 
detection machine.  

f. Ensure there are absolutely no bubbles anywhere in the setup. If you see a bubble, re-connect all 
tubes starting from that point.  

7. Rinse the setup: 
a. If, at any point, you are unsure about the signal that the spectrometer is giving or have reason to believe 

that there is something stuck inside the spectrometer (precipitate or bubbles), then you may rinse the 
setup. Take a glass syringe that we cleaned in step 3. 

b. Fill this syringe with 100 mM HCl. 
c. Install the syringe in one of the slots. 
d. Connect the syringe to all chips you will use, connect the chips in series, and connect the last chip to 

the spectrometer.  
e. Close any open ends with stoppers. 
f. Run 3000 μL h-1 of 100 mM HCl out of the syringe and into the setup to rinse the setup and the 

spectrometer. The value that the spectrometer reads out should plateau after a few minutes. This 
indicates that the setup has been cleaned properly, and nothing is being released anymore. 

g. Ideally, you should perform steps 7.a. – 7.f. before and after every experiment that you run, to maintain 
the setup for other users, and to prevent buildup from forming. 

h. Note, you can also flush the system manually by connecting a syringe to the setup/spectrometer and 
pushing the plunger yourself. This is not recommended, as you must take great care to keep the 
pressure on the spectrometer low. Pushing too hard may break the spectrometer. 


