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Abstract 
Complex diseases stem from extensive interactions between genetic, environmental, and lifestyle 

factors. Resulting symptoms can be attributed to multiple diseases, complicating the diagnostic 

process and delaying treatment. Hence, novel diagnostic tools are required to streamline the 

diagnosis of complex diseases. As a demonstration for the development of such tests, a microRNA-

based blood test for the diagnosis of Multiple Sclerosis (MS) is proposed, with a focus on 

accessibility. Current diagnostic methods for MS are lacking in specificity, and are expensive and 

invasive. MicroRNAs (miRNAs) are highly specific and accessible biomarkers with specific 

patterns of dysregulation linked to MS. This work focuses on the cell-free expression (CFE) of 

miRNA-detecting toehold switches in a paper matrix. CFE uses transcription and translation 

machinery without relying on living cells, facilitating easy handling and time-efficient protein 

expression. Embedding such systems in paper and freeze-drying them allows for long-term 

storage and activation through rehydration with miRNA. Results show that the toehold switches 

are activated by miRNA in paper, resulting in a colour change visible by eye. Test production is 

simple and affordable at an estimated 5 euros per test. However, test accuracy may be affected by 

toehold switch leakiness, and the test is sensitive to RNA degradation. Both need to be reduced 

before the accuracy can be assessed. Costs may further be minimised by producing in-house CFE 

systems. This minimally invasive method could set new standard for accessible diagnostics for MS 

and other complex diseases. 
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1.0 Introduction 
Complex or multifactorial diseases arise from complex interactions between genetic, 

environmental and lifestyle factors (1). These interactions complicate the clinical presentation of 

such diseases, posing a significant challenge for healthcare professionals for whom an informed 

understanding is imperative to appropriately manage and treat diseases (1,2). Unfortunately, this 

process is often not straightforward because the physical manifestation of the underlying disease 

pathology may be linked to various diseases (3). Consequently,  many tests may be required to find 

the true disease cause, further complicating the diagnostic process (4). As such, complex diseases 

impose a substantial economic burden on the global healthcare system, even accounting for over 

70% of mortalities (3,5). In addition, the outcome of diagnosis directly affects the treatment 

possibilities. Therefore, accurate diagnostic testing is critical.  

1.1 Multiple Sclerosis – a case study 
Multiple Sclerosis (MS) is a chronic autoimmune disease of the Central Nervous System (CNS) that 

affects approximately three million people worldwide, with disproportionately high prevalence in 

women and young adults (6). Although the direct cause of MS remains unclear, it is linked to 

genetic and environmental risk factors, such as specific risk alleles, infection with Epstein-Barr 

virus, smoking, and vitamin D deficiency (7). MS patients suffer from sensory and motor 

dysfunction caused by the degradation of the protective myelin sheaths in the CNS (8). This 

demyelination occurs through the action of autoreactive immune cells (Figure 1). There are 

roughly three stages that comprise disease progression (8). In the pre-clinical phase, disease onset 

is triggered by genetic and environmental factors. The relapsing-remitting (RRMS) stage is 

characterised by episodes or attacks of neurological dysfunction. In the progressive clinical stage, 

these attacks worsen, mainly affecting patient mobility. MS may be progressive from the start, 

known as primary progressive MS, or become progressive later on (secondary progressive MS). 

 

Figure 1 – Mechanisms of neural degradation in Multiple Sclerosis. Damage can be caused by the immune system through 

autoreactive immune cells. Damage can also be induced by mitochondrial injury resulting from mitochondrial DNA (mtDNA) 

mutations, oxidative stress resulting from demyelination, and ionic imbalances resulting from calcium influx.  From Weiner et 

al. (2018) (8). 
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Diagnosing MS is particularly challenging due to its complex clinical manifestation and the 

absence of specific biomarkers. Early diagnosis is crucial, as timely intervention with disease-

modifying therapies can slow disease progression and maintain, or even improve, quality of life 

(9). Currently, MS is diagnosed with the McDonald criteria. For patients to be diagnosed, they have 

to satisfy two criteria: dissemination in space (DIS), indicating inflammation in multiple places in 

the CNS, and dissemination in time (DIT), the appearance of new lesions over time (10). The 

investigation of these criteria demands combined clinical, imaging, and laboratory evidence. 

Magnetic Resonance Imaging (MRI) is used to identify areas of inflammation in the CNS. 

Examination of the cerebrospinal fluid (CSF) identifies antibodies and oligoclonal bands that 

support an MS diagnosis (11). Despite ongoing updates to these criteria in line with medical 

advances, 83% of countries experience barriers that prevent early diagnosis (Table 1) (6).  

Barriers to early MS diagnosis include lack of awareness about MS and its symptoms, as well as 

limited access to specialised personnel and diagnostic equipment. Misdiagnosis also remains a 

persistent challenge for 5–18% of patients, due to misinterpretation of test results or atypical 

clinical presentation (12). In practice, this means that patients may need to wait months or years 

for a definitive diagnosis, delaying essential treatment and negatively impacting outcomes (13). 

This calls for the development of novel, specific diagnostic tools to aid in the diagnosis of MS. In 

addition, new tools should be accessible to lower the barriers reported by patients worldwide. 

Such tools must adhere to four key pillars of accessibility: they should be minimally invasive, easy 

to perform, cost-efficient and capable of long-term storage. 

Table 1 – Overview of most commonly reported barriers that prevent early MS diagnosis. Barriers are classified based on 

prevalence and World Bank income level. Shading indicates the barriers cited by 50% or more countries. Numbers in bold show 

the most common answers. From the Atlas of MS – 3rd Edition (2020) (6).  

 

1.2 Biomarkers for MS diagnosis 
A variety of non-specific biomarkers, such as neurofilaments, myelin proteins, and immune cells, 

are found in the blood and CSF of MS patients, (14). In exploring biomarkers for MS diagnosis, 

those present in the blood are of particular interest as they allow for minimally invasive access 
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(15). MicroRNAs (miRNAs), small non-coding RNA molecules consistently present in the blood, 

offer significant diagnostic potential. These single stranded RNAs of 17–25 nucleotides in length 

regulate gene expression by mediating messenger RNA (mRNA) degradation and controlling 

transcription and translation through various mechanisms (16,17). Because of their role in gene 

regulation, specific miRNAs are associated with specific cellular processes. When a change in the 

body occurs due to a disease, this is reflected in the miRNA expression pattern. This is also the 

case for MS, where it has been shown that specific miRNAs are dysregulated in the CNS of patients 

(14). This makes miRNAs an ideal candidate for diagnostic biomarkers as they are accessible, 

highly specific, and sensitive to disease progression (17). By looking at specific miRNAs, the 

presence of a disease can be established. Therefore, by detecting disease-specific miRNA 

combinations, the 2024 WUR iGEM team miRADAR has proposed an accessible, minimally invasive 

diagnostic test for MS. 

1.3 Detection of miRNAs for diagnostics 
The detection of miRNAs in the miRADAR test consists of four main parts: identification of miRNA 

targets, amplification and threshold selection, detection, and integration into a paper-based test 

platform. The process begins with isolating miRNAs from serum, followed by an amplification 

step. Amplification is necessary because miRNA concentrations in blood are in the femtomolar 

(fM) to picomolar (pM) range, too low for most detection methods (18). To achieve this, the 

isothermal, exponential Nucleic Acid Sequence-Based Amplification (NASBA) method was 

investigated. This method is primer-dependent in an amplification process similar to PCR, where 

an RNA template is reverse-transcribed into double-stranded DNA, which is transcribed into RNA 

again (19). The reaction is performed at a constant temperature, so no thermocyclers are required. 

Additionally, NASBA is suitable for multiplexing, or the amplification of multiple different miRNAs 

in the same, one-pot reaction (20).  

However, because miRNAs are always present in the blood, a threshold-selection step is required, 

where only the miRNAs that are present at aberrant levels are detected. Therefore, miRADAR 

presented the use of a toehold-mediated strand displacement (TMSD) reaction, where the 

interplay between (preferential) binding affinities of several RNA strands enables the user to set 

a specific threshold (21). Only when this threshold is surpassed, an output is generated.  This 

output feeds into the detection module, consisting of toehold switches organised in a circuit.   

 

Figure 2 – Mechanism of a toehold switch. In its native state, the RBS is obscured due to the hairpin structure (a). When a 

complementary trigger RNA hybridises to the toehold sequence, the hairpin is linearised and the RBS becomes available to 

the ribosome (b). This initiates gene translation. From Ausländer & Fussenegger (2014) (22). 



 

December 8th, 2024 

7 1.0 Introduction 

Toehold switches are de novo designed riboregulators that act as an ON/OFF switch for gene 

translation through RNA-RNA interactions (23). These regulatory RNA structures form a hairpin 

loop that obscures ribosome binding site (RBS) and start codon, repressing downstream gene 

expression (Figure 2). When a specific RNA trigger anneals to the complementary toehold region 

preceding the hairpin, a conformational change is induced that exposes the RBS and initiates gene 

translation (23).  

Toehold switches not only detect single (mi)RNAs, they can be organised into genetic circuits to 

detect multiple RNA molecules at once (24). For the application to MS diagnostics, this is essential 

as a combination of miRNAs is necessary to distinguish MS patients from healthy controls and 

those with ‘mimic’ diseases which cause similar symptoms. Toehold switch gene networks can 

even be functionalised with Boolean logic gates, such as AND or OR, through which the user can 

impose specific conditions on the network (24). An AND gate requires two input RNAs to generate 

an output, while an OR gate requires only one of several RNAs to be present. By varying these 

gates, highly customisable gene networks can be generated.  Hence, this platform can be easily 

expanded for other diseases. Both toehold switches and the more complex multi-input detection 

systems have already been applied for RNA detection with encouraging results (16, 19, 22–25).  

1.4 Cell-free expression of toehold switches 
This thesis investigated the expression of toehold switches in a paper matrix functionalised with 

a cell-free expression (CFE) system. Cell-free transcription and translation (TXTL) systems utilise 

the molecular machinery from cells to synthesise proteins in vitro protein (29). Generally, there 

are two types of TXTL: reconstituted and lysate-based. Reconstituted TXTL systems, or Protein 

synthesis Using Recombinant Elements (PURE)-like approaches, are based on the purification and 

reconstitution of transcription and translation machinery from cells (30,31). Lysate-based TXTL 

systems are produced by lysing cells, commonly of Escherichia coli, and combining the resulting 

cell extracts with cofactors, an energy source and a DNA template (Figure 3) (32).  

 

Figure 3 – Standard components of a TXTL system. Components are either directly derived from bacterial lysate, or first 

purified and recombined. These include ribosomes, RNA polymerase, nucleotides, DNA template, energy, co -factors, and 

amino acids, to equip the system with transcription and translation abilities.  Graphics designed by Kette Troost. 
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CFE offers several advantages over conventional in vivo strategies, particularly in terms of time- 

and cost-efficiency (33). Since no living cells are required, CFE is exempt from biosafety issues 

commonly encountered with in vivo protein expression. This feature also enables its use in 

environments not suitable for living organisms, such as those containing toxins. Moreover, CFE 

systems can be freeze-dried, allowing for stable, long-term storage (25,33). All these features 

contribute to highly efficient protein expression, which makes CFE an attractive strategy for 

developing novel diagnostic tools (34). Furthermore, CFE can be embedded into a paper matrix, 

which provides additional benefits. Paper can be functionalised to include sensing modules, 

electronic modules and even data processing capabilities (35). Additionally, paper-based sensors 

have very low production costs, are easy to use and highly customisable (36). For the application 

proposed here, the paper matrix should be functionalised with genetic material encoding the 

toehold switch circuit and threshold system, coupled to the desired output.  Previous work by 

Pardee et al. (2014) pioneered this approach, showing that such systems are robust, able to handle 

long-term storage and affordable (25). By integrating the toehold switch network with 

amplification and threshold systems, this approach aims to contribute to MS diagnostics by 

providing a minimally invasive, miRNA-based diagnostic test. 

1.5 Test accuracy 
In addition to functionality, several key factors are crucial for the development of diagnostic tests, 

and their application to MS in particular. The most critical factor that determines the value of a 

diagnostic test is its accuracy (37). The accuracy is dependent on two parameters: the sensitivity 

and the specificity, which refer to the probability that the diagnostic test will be positive for 

individuals with the disease, and the probability that the test is negative for those without the 

disease, respectively (Figure 4). False positives may subject the patient to mental distress and 

potentially catastrophic effects due to incorrect treatment. False negatives give patients the 

incorrect belief that they do not have the disease, which can prevent them from getting any 

treatment at all (38). For MS diagnostics, a highly specific test is thus especially important to 

minimise these risks. 

 

Figure 4 – Assessment of accuracy for diagnostic tests. Respective parameters are shown for the sensitivity, specificity, 

positive predictive value, and negative predictive value. Based on Mediratta et al. (2023) (38). 
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1.6 Research aims 
This thesis is focused on the integration of all test components into a cell-free, paper-based test 

system. Both reconstituted and lysate-based CFE strategies for the cell-free expression of toehold 

switches and circuits are evaluated. To adhere to the accessibility principles, the test is based on 

miRNA patterns in the blood. As such, only a blood sample is required from the patient, which is a 

standard procedure in most medical facilities worldwide, a vast improvement compared to 

current techniques (39). Secondly, the LacZ reporter system is utilised as the test output. The lacZ 

gene encodes the enzyme β-galactosidase, which catalyses the hydrolysis of the yellow 

Chlorophenol Red-b-D-Galactopyranoside (CPRG) into the purple Chlorophenol red (CPR). This 

reaction can be seen by eye and measured through absorption at 570 nm. Therefore, the test 

results can be seen without the need for specialised imaging equipment, making it easy to perform. 

In addition, the workflow of test assembly on paper is tested. The use of small reaction volumes 

and inexpensive matrix materials contributes to the test’s cost-efficiency. By freeze-drying the 

reactions onto paper, the test should have a long shelf-life. The accuracy of toehold switches for 

the detection of disease-related miRNAs is studied to determine the diagnostic value of this test. 

Finally, recommendations for future research are given to cement miRNA diagnostics as a 

minimally invasive test-platform for the accurate diagnosis of (complex) diseases like MS. Finally, 

this work, in conjunction with the contributions of other miRADAR team members, addresses the 

limitations of current diagnostic methods.  
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2.0 Materials and Methods 

2.1 Preparation of DNA template 
DNA template for the expression of lacZ under control of the T7 promoter and terminator (pT7-

LacZ) was constructed using standard cloning techniques. PCR primers introducing homology 

arms to the full-length lacZ and the backbone (PURExpress Control DHFR Plasmid) were designed 

and ordered as synthetic DNA oligos from Integrated DNA Technology (IDT).  PCR reactions were 

performed with Q5® High-Fidelity 2X Master Mix (New England Biolabs, M0492) following 

manufacturer’s instructions. The resulting PCR products were mixed with 6X Blue Gel Loading Dye 

(New England Biolabs, B7021) and verified on a 1% w/v agarose gel stained with MIDORI Green 

Easy (NIPPON Genetics, MG12). Purification was carried out using the DNA Clean and 

Concentrator (Zymo Research, D4013) and DNA concentrations were measured with a 

NanoPhotometer® N60 (Implen).  

The plasmid was assembled with HiFi Assembly, using the NEBuilder® HiFi DNA Assembly Master 

Mix (New England Biolabs, E2621). Chemically competent E. coli DH10 cells were transformed 

with pT7-LacZ and plated on LB agar plates containing ampicillin (100 μg/mL), X-Gal (10 µL/mL 

of a 20 mg/mL stock), and IPTG (10 µL/mL of a 100 mM stock) for blue-white screening. Following 

incubation, colony PCR was conducted on blue colonies using OneTaq® Quick-Load® 2X Master 

Mix with Standard Buffer (New England Biolabs, M0486), and plasmid sizes were verified via gel 

electrophoresis. Overnight cultures were prepared in 5 mL LB, supplemented with ampicillin (100 

μg/mL) and incubated at 37 °C with shaking (180 rpm). Plasmids were extracted using the  

QIAprep Spin Miniprep Kit (Qiagen, 27104) and their concentrations were measured with the 

NanoPhotometer. Correct assembly was confirmed through Sanger sequencing (Macrogen, EZ-

Seq). A detailed overview of the plasmid and primers is provided in the supplementary 

information (S 1 and S 2).  

Expression plasmids for the toehold switches and AND gate were provided by Ivar Gruppen and 

Ruben Kamphuis. Briefly, toehold switches were assembled via extension overlap PCR and cloned 

into expression plasmids using Golden Gate Assembly. Full details of these constructs and 

protocols are available in their respective theses. 

2.2 Cell-free expression 

2.2.1 Cell-free reactions 

Two cell-free transcription and translation kits were used for the expression of the chosen 

colourimetric reporter LacZ. The commercial PURExpress In Vitro Protein Synthesis Kit (New 

England Biolabs, E6800) was used to perform reactions in a reconstituted CFE system. 

PURExpress is based on the T7 RNA Polymerase, which has a high specificity for the T7 

bacteriophage promoter. Solutions A and B were combined, with the substrate CPRG (Sigma-

Aldrich, 59767) at final concentration 0.6 mg/mL, RNase inhibitor (Promega, N2515) at final 

concentration 1u/µL, nuclease-free water (Qiagen, 129114) and circular DNA template at 

specified concentrations making up the remaining volume. Reactions were incubated at 37°C for 

two hours, unless stated otherwise. For reactions with toehold switches, 0.5 µM trigger (mi)RNA 

was supplied. 

The commercial Promega E. coli S30 Extract System for Circular DNA (Promega, L1020) was used 

to perform reactions in a lysate-based CFE system. This kit works with either the T7 promoter or 

strong E. coli promoters. The lysate is from an E. coli strain B deficient in OmpT endoproteinase 
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and lon protease activity, aimed at improving stability. The T7 S30 Extract was combined with a 

complete amino acid mixture and the S30 Premix. The remaining volume was composed of CPRG, 

RNase inhibitor, nuclease-free water, and circular DNA template at specified concentrations. 

Reactions were incubated at 37°C for two hours, unless stated otherwise.  

2.2.2 Over-time measurements 

A third cell-free transcription and translation system was used to express the alternative output 

GFP. This system, created by the 2024 Straubing iGEM team Bluebear Bio, is stabilised by the 

tardigrade-derived proteins that undergo vitrification upon desiccation (40). This process 

protects and preserves cellular components and was therefore used in the production of a novel, 

accessible CFE system. The Bluebear Bio kit aims to provide a cost-effective method for cell-free 

transcription and translation and was sent to the 2024 WUR iGEM team miRADAR for evaluation 

with toehold switch and AND-gate constructs using a super folder green fluorescent protein 

(sfGFP) output. The kit consists of desiccated lysate and energy buffer, which were rehydrated 

with nuclease-free water upon testing. Extract (0.4) and lysate (0.43) were combined with 

template DNA and nuclease-free water (0.17) in a 12 µL volume. The reactions were mixed by 

pipetting up and down 60 times. 5 µL reactions were added to a black, flat-bottom 384-well plate 

in duplicate. The plate was incubated at 29 °C in a plate reader (BioTek Synergy H1) for 12 hours, 

and sfGFP fluorescence (excitation at 485 nm, emission at 535 nm) was monitored at two-minute 

intervals. 

Additional over-time measurements were carried out with the PURExpress system. The 

expression of lacZ by toehold switches and an AND gate activated with RNA was monitored over 

three hours. Reactions were assembled in 5 µL volumes in triplicate. At 8 timepoints (t=0 min, 

t=20 min, t=40 min, t=60 min, t=80 min, t=100 min, t=120 min, t=180 min), a 0.5 μL sample was 

diluted in 75 μL of nuclease-free water in a 96-well plate. The absorbance was measured with a 

plate reader at 415 nm (unhydrolysed CPRG) and at 570 nm (CPR).  

2.3 Paper-based reactions 
The preparation of the paper matrix was carried out according to the protocol designed by Pardee 

et al. (2014), described in detail by Ma et al. (2018) (25,28). In brief, filter paper discs (Whatman, 

1442-042) were treated with 5% BSA overnight to block unwanted interactions resulting from the 

pH-dependent charge of the cellulose fibres. The paper was dried at 50°C after washing with water 

and 2 mm discs were cut out with a biopsy punch. Cell-free PURExpress reactions were assembled 

onto these discs in a 2 µL volume, which were subsequently flash-frozen in liquid nitrogen and 

freeze-dried overnight. 24h after freeze-drying, the discs were activated with nuclease-free water 

with or without (mi)RNA trigger and incubated at 37°C for two hours. 

2.4 Determination of test accuracy 
To assess the sensitivity and specificity of toehold switches, an accuracy assay was performed in a  

384-well plate containing 384 paper discs embedded with PURExpress reactions (Figure 5). The 

sensitivity of the selected toehold switch was investigated by varying the concentration of trigger 

miRNA (1 pM, 300 nM, 1 µM, 5 µM). The specificity was examined by testing in the absence of 

trigger miRNA, as well as the use of a different miRNA (5 µM). A positive control, with the 

expression plasmid containing only LacZ (pT7-LacZ), and a negative control, with no DNA 

template, were included as well. All conditions had 48 replicates. The results were used to 

calculate the accuracy parameters (Figure 4) by looking at the number of true positives and 

negatives compared to false positives and negatives. 
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Figure 5 – Accuracy test plate layout. In a 384-well plate, eight test conditions were used to assess the toehold switch 

accuracy. Top row: negative control (no DNA template); toehold switch activated with 1 pM trigger miRNA; toehold switch 

activated with 300 nM trigger miRNA; toehold switch activated with 1 µM trigger miRNA. Bottom row: positive control (lacZ 

expression plasmid); toehold switch activated with 5 µM trigger miRNA; toehold switch activated with no trigger miRNA; 
toehold switch activated with 5 µM mock trigger miRNA. Colours represent the expected results: yellow is negative (no 

expression of LacZ), purple is positive (expression of lacZ).  
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3.0 Results and Discussion 

3.1 Expression of lacZ in reconstituted and lysate-based CFE 

systems 
For initial testing, pT7-LacZ was expressed in both reconstituted and lysate-based CFE systems 

(Figure 6). The T7 S30 Extract system was only tested in a 50 µL volume according to the 

manufacturer’s recommendations. The PURExpress reaction volume was downscaled from 25 to 

2 µL, with no observed loss in reaction efficiency. Reducing reaction volumes decreases reagent 

use, contributing to the cost-efficiency of the test. The expected colour change from yellow to 

purple upon expression of lacZ was seen in the PURExpress system for all tested reaction volumes 

(Figure 6, right). However, the T7 S30 Extract already showed this colour change immediately 

upon the addition of CPRG (Figure 6, left). This indicates the presence of native β-galactosidase in 

the bacterial lysate, making it unsuitable for the use of the LacZ reporter system. To make sure that 

CPRG was not interacting with another component of the system, the same reaction was 

performed with X-gal as substrate. This led to the same result, with both reactions with and 

without DNA template turning blue rapidly (S 3). Consequently, all subsequent experiments were 

carried out with the PURExpress system, with the pT7-LacZ plasmid serving as the positive 

control. 

 

Figure 6 – Expression of lacZ in the T7 S30 Extract system (left) and the PURExpress system (right). N.T. = no DNA template; 

LacZ = DNA template containing lacZ under control of the T7 promoter and terminator. PURExpress reaction volumes were 

downscaled to 2 µL. DNA levels from left to right: 1 µg, 250 ng, 100 ng, 20 ng.  

3.2 In vitro expression and performance of toehold switches 
The activity of three toehold switches was tested with and without the addition of their 

corresponding trigger miRNA (Figure 7). Toehold switches A and B were designed with the 

miRADAR design software developed by Mathilde van Nieuwenhuijzen, based on the miRNA hsa-

miR-484, which was found to be upregulated during RRMS (41). Toehold switch C was designed 

with the online available NUPACK software, a tool for the analysis and design of nucleic acid 

structures (42). Additionally, a previously reported 2-input AND gate was tested with and without 

the addition of both RNA triggers (24). After two hours of incubation, toehold switches A and B 
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showed activation in response to hsa-miR-484 (Figure 7). Moreover, these structures 

outperformed the NUPACK-predicted structure, indicating that it is beneficial to have a designated 

software tool for the design of miRNA toehold switches.  

 

Figure 7 – Cell-free expression (PURExpress) of toehold switches with and without trigger (mi)RNA. From left to right, the 
tubes contain no DNA template (-); toehold switch A; toehold switch B; toehold switch C; two-input AND gate; positive control 

(+). To the tubes in the bottom row (except for the positive and negative control), 0.5 µL of trigger was added . 25 ng of DNA 

template was added to all reactions.  

Toehold switch A was only partially activated, while the colour change resulting from the 

expression of toehold switch B closely resembled that of the positive control. This construct was 

therefore used in the paper-based test system. Additionally, the AND gate was activated by both 

RNA triggers (Figure 7). Notably, for both constructs, considerable discolouration was observed 

in the reactions without RNA 24 hours after the reactions were completed (S 4). Though the 

difference between a positive and a negative result could still be seen by eye, this indicates that 

the toehold switches are leaky, or that translation occurs when it is not supposed to. The accuracy 

of the test may therefore be affected, as false positives are more likely. Furthermore, this suggests 

that reading the test results is time-sensitive. 

To investigate this further, over-time measurements were conducted for all three toehold switches 

and the AND gate. Over the course of three hours, toehold switch performance was monitored by 

measuring the absorption with and without the addition of trigger RNA (Figure 8). Additionally, 

toehold switches A, B, and C were compared to find the best-performing toehold switch. As 

expected, toehold switch B showed the largest increase in absorption, but also exhibited the 

highest level of leakiness. A one-sided t-test (assuming equal variance, df=4) revealed that the 

difference in absorption between reactions with and without trigger RNA was significant for 

toehold switches A and B (p = 0.0093 and p = 0.0048, respectively), but not significant for C. These 

findings indicate that redesigning the toehold switches may be necessary to enhance test accuracy.  
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Figure 8 – Absorption of Chlorophenol Red at 570 nm measured over time. Cell-free reactions (PURExpress) with ~ 30 ng of 

toehold switches A (pink), B (blue) and C (green) were assembled in a 5 µL volume. At eight timepoints a 0.5 µL sample was 

taken and diluted in 75 µL nuclease-free water, after which the absorption was measured. Solid lines indicate the addition of 

1 µL of trigger miRNA, dashed lines mean that no miRNA was added. Error bars represent the standard deviation.  ** = p < 0.01; 

ns = not significant. 

To gain more insight in the functioning of the AND gate, it was tested without, with either, and with 

both trigger RNAs, and the reactions were monitored over three hours (Figure 9). Although the 

AND gate was activated by both RNA triggers as expected, it was also activated by either T1 or T2, 

and even without any triggers present. Notable leakiness of the gate was observed, with all 

samples producing similar levels of absorption after three hours. A one-sided t-test was performed 

to compare the absorption differences. At 120 minutes, reactions with both triggers showed 

significantly higher absorption than those without triggers (p < 0.001). There was no statistically 

significant difference between the presence of either trigger or neither.  These differences were 

significant at t = 180 min (p < 0.001 for T1 and p = 0.0048 for T2), suggesting that the AND gate 

can be partially activated by both T1 and T2. Consequently, there was no significant difference 

between the AND gate reactions with both RNA triggers or either. This solidifies the previous 

findings that i) the toehold switches and AND gate are leaky and ii) that the test outcome is time-

dependent. 

It is important to note that the results from the qualitative (visual) and quantitative (absorption-

based) experiments cannot be directly compared due to differing measurement methods. In both 

cases, the colour change or absorption was clear in cases where trigger (mi)RNA was added. In 

the more extensive quantitative measurements, a clear increase in absorption was also seen for 

the samples without the addition of trigger (mi)RNA. The cause of this leakiness requires further 

investigation but is beyond the scope of this thesis.  

Overall, these results show that miRNA-specific toehold switches can be generated, and that the 

expression of lacZ is dependent on addition of trigger RNA. The colour change is clearly visible by 

eye and can be monitored with absorption. Although, accuracy may be of concern for developing 

toehold switch circuits into diagnostic tests due to the chance of false positives. 
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Figure 9 – Absorption of Chlorophenol Red at 570 nm measured over time. Cell-free reactions (PURExpress) containing ~ 30 

ng of the two-input AND gate were assembled in a 5 µL volume. At eight timepoints a 0.5 µL sample was taken and diluted in 

75 µL nuclease-free water, after which the absorption was measured. Blue = addition of both RNA triggers (T1 & T2); Orange = 

addition of T1; Green = addition of T2; Pink = no trigger added. Error bars represent the standard deviation. **: p < 0.01; ***: p < 

0.001. 

3.3 Assembly of toehold switch reactions in paper 
Next, the cell-free reactions were embedded onto paper. Initial testing was conducted to confirm 

that these reactions could indeed take place in a paper matrix (data not shown).  

 

Figure 10 – Expression of lacZ in paper embedded with PURExpress. Reactions were assembled onto paper discs in 
quadruplicate. Discs were subsequently freeze-dried and stored at room temperate. After 24h, discs were rehydrated with 2 µL 

nuclease-free water with or without RNA trigger. From left to right: negative control (no DNA template); positive control (pT7-

LacZ); toehold switch B + hsa-miR-484; 2-input AND gate + T1 and T2. 
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Following the confirmation of functionality, the protocol as described in 2.3 Paper-based 

reactions was applied to express toehold switch B and the AND gate in a paper matrix. After the 

freeze-drying process, the discs were rehydrated and incubated at 37°C for two hours (Figure 10). 

For all reactions, the workflow proved effective, and rehydration, regardless of the presence of 

absence of RNA triggers, activated of the CFE system and expression of lacZ. 

3.4 Determining the test accuracy 
The test accuracy was assessed by evaluating the performance of toehold switch B under various 

conditions (Figure 5). Specifically, the response of the toehold switch was tested across a range of 

miRNA concentrations. This response was also tested in the presence of a non-complementary 

miRNA and in the absence of any trigger. This data was used to find the sensitivity and specificity 

of toehold switch B, providing insights into the potential accuracy of diagnostic tests based on 

toehold switches. Additionally, it informs how the production of these paper tests may be upscaled  

in the future. Commonly, a minimum of 300 tests is enough to find the sensitivity and specificity 

of diagnostic and screening tools. These values are likely to be the same as the true values in the 

sample population (43). Hence, this experiment was performed in a 384-well plate. 

 

Figure 11 – Accuracy test results. Cell-free reactions (PURExpress) were assembled on paper in a 384-well plate. On the left, 

the plate is shown after freeze-drying. On the right, the plate is shown after rehydration with miRNA. There are seven empty 

wells, as these discs were lost during flash-freezing with liquid nitrogen.  

Unfortunately, this experiment yielded inconsistent results (Figure 11). First, the duration of the 

reaction was considerably longer than expected, as it took four to six hours for the positive control 

discs (pT7-LacZ) to turn purple. Additionally, many discs exhibited a slight orange or red hue, 

indicating partial activation or leakiness. This complicates the results, making it difficult to assign 

either a positive or negative result. As such, it was not possible to calculate the accuracy 

parameters described in 1.5 Test accuracy.  

There are several factors that could have contributed to these results. The components of the 

PURExpress system may have destabilised during the test assembly process. The activity of T7 

RNA polymerase is known to decrease after freeze-drying (44). Additionally, while gene 

expression is generally stable shortly after freeze-drying, its efficiency may have been diminished 

due to these handling conditions. In fact, freeze-dried PURExpress reactions are able to maintain 
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activity after a year of storage at room temperature (25). Despite this, it is still possible that 

prolonged storage above -80 °C during the pipetting could have impeded the reactions.  

Another possible cause is RNA degradation, both of the transcribed RNA and the added miRNA. 

There was an RNAse inhibitor used in the reactions, which should protect against this 

circumstance. Additionally, the pipettes and plasticware were treated with an RNAse 

decontamination solution before use. Gloves were worn throughout the experiment as well. 

Nevertheless, contamination may still have occurred from exogenous ribonucleases originating 

from skin, hair, aerosols, reagents and other equipment (45). Considering that the plate was 

exposed for a prolonged period of time during the pipetting and freeze-drying, that is likely where 

contamination would have occurred. To prevent this from happening in the future, all materials, 

including reagents, should be properly decontaminated, and gloves should be changed or treated 

with RNAse decontamination spray frequently (46). Automated pipetting robots may also be 

employed to reduce the time needed to assemble reactions, though this is also a frequent source 

of ribonuclease contamination (45).  

Rehydration with the miRNA triggers could also be hindered by RNAse decontamination. Because 

DNA is much more stable than RNA, the triggers can also be encoded as DNA on a plasmid, which 

has improved stability over (synthetic) RNA (25). However, this was not done here to simulate the 

final testing environment where miRNA is isolated from a patient sample, amplified, and applied 

to the test. This strategy would therefore not be suitable. Regardless, miRNA degradation is not 

expected to be the source of the problem. First, an excess of trigger miRNA is added, much higher 

than previously reported detection limits of 250 nM (27). Other miRNA toehold switches were 

found that are activated by 30 nM, and there are even viral RNA toehold switches that go down to 

the fM and aM range (19,28,47). Second, miRNA is known to be more stable and less prone to 

degradation compared to longer RNA (48). Last, the miRNA stock solution was diluted directly 

before use from a new aliquot and kept on ice.  

Overall, it is hypothesised that the long duration of the experiment contributed to destabilisation 

of the biochemical components of the test and the increased likelihood of RNAse contamination.  

This needs further characterisation before the accuracy can be assessed. 

3.5 Alternative GFP reporter in lysate-based CFE systems 
As an alternative to PURExpress, the lysate-based Bluebear Bio kit was evaluated (49). To address 

the issue of native β-galactosidase presence, superfolder GFP (sfGFP) was used as a reporter 

instead of lacZ. Additionally, it allowed for direct comparison between the toehold switch plasmids 

and the positive control plasmid sent along with the kit, which uses the same reporter. In 

accordance with the instruction manual supplied with the kit, DNA template was added at a 

concentration of 5 nM. In contrast to PURExpress and the T7 S30 Extract system, these reactions 

require more time, between 5 to 10 hours. Therefore, sfGFP fluorescence of a positive control 

(supplied with the kit), a negative control (no DNA template), toehold switch A, toehold switch B 

and the AND gate was measured over 12 hours (Figure 12).  

There was a stark increase of fluorescence of the positive control, which reached a plateau after 

about three hours. Fluorescence from all toehold switch constructs plateaued around the four-

hour mark but remained at background levels, as indicated by the similarity to the negative 

control. Interestingly, the AND-gate showed even lower fluorescence. These results suggest that 

the toehold switches were either not activated by (mi)RNA, or that sfGFP expression was 

insufficient to produce a signal above the background. 
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Figure 12 – sfGFP fluorescence of toehold switch constructs over time. Fluorescence is given in Relative Fluorescence Units 

(R.F.U.). Pink = positive control (supplied by Bluebear Bio); green = negative control (no DNA template); orange = toehold sw itch 

A; blue = toehold switch B; purple = AND gate. Fluorescence was averaged between duplicate measurements. 

The former could be due to miRNA degradation in the lysate. Cell lysates often contain residual 

DNAses, RNAses and proteases, which can interfere with the expression and activation of toehold 

switches (50). This is dependent on the strain, as some commercial E. coli strains have 

modifications to reduce this activity (51). The Bluebear Bio kit uses an E. coli BL21(DE3)-Gold 

autolysis strain with the pAD-LyseR plasmid. This strain is deficient in two important proteases, 

the Lon protease and the OmpT protein, and DNA endonuclease I (52). These modifications 

contribute to the stability of the proteins and plasmids expressed. However, they do not exclude 

RNAse activity as a reason for low sfGFP expression. 

The latter could be due to the promoter of the toehold switch constructs. As the Bluebear Bio kit 

is not based on T7 RNA polymerase, a different constitutive promoter, J23118, from the Anderson 

library was used (53). J23118 has a reported relative strength of 0.56 compared to the strongest 

promoter from the Anderson library (J23119). While there is no direct comparison between the 

T7 promoter and J23118, the T7 promoter is known to be much stronger than many E. coli 

promoters (54). This could explain the differences in activity observed for these constructs 

compared to those expressing lacZ. Regrettably, it is not known which promoter was used in the 

Bluebear Bio positive control. It is mentioned on their website that the team experimented with 

different promoters and promoter strengths to find the best candidate (55). Due to lack of time, 

that could not be done for this experiment. Hence, low promoter strength is considered a possible 

cause for the limited expression of sfGFP.  

3.6 Quantification of gene expression in CFE systems 

In 3.2 In vitro expression and performance of toehold switches, absorption of CPR was used to 

compare the activity of toehold switches. Although this is an established method, it measures the 

product of CPRG conversion by β-galactosidase, and thus lacZ expression, indirectly. Moreover, this 

system is not suitable for lysates with native expression of lacZ. To compare between the CFE 

systems discussed in this thesis, a direct method is preferred. In 3.5 Alternative GFP reporter in 
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lysate-based CFE systems, the expression of sfGFP is used for this. However, lysate-based CFE 

systems commonly have GFP autofluorescence which can interfere with the measurement, 

especially at low concentrations, so a proper control is crucial. Additionally, this method requires 

specialised equipment. To evaluate the performance of different CFE systems, other reporter 

systems may be considered. Here, it is important to note that the final diagnostic test is designed 

for binary, qualitative output based on a visible colour change. However, comparative analysis of 

CFE systems is of interest, especially for the evaluation of home-made CFE systems that are 

cheaper to produce and can be customised to the requirements of the diagnostic test.  

Chromoproteins combine the characteristics of both detection methods discussed. They are 

related to GFP, but unlike fluorescent proteins, they absorb visible light (56). This leads to a colour 

change that can be seen by eye, giving a clear advantage over the use of GFP. Chromoproteins also 

hold several advantages over colourimetric systems like the LacZ reporter system, where (costly) 

substrate is required and endogenous presence of enzymes in CFE systems can cause interference 

(56,57). The use of chromoprotein reporters is therefore pertinent to the test design.  

3.7 Accessibility and implementation in MS diagnostic procedure 
The core goal of this project is to design an accessible test for MS diagnosis. To achieve this, four 

qualities were defined in 1.1 Multiple Sclerosis – a case study. Through targeted design, the test 

described can already be considered minimally invasive, as it relies on only a blood sample from 

the patient. Furthermore, though not tested in this thesis, freeze-dried reactions have been 

reported to maintain their activity after storage at room temperature for up to a year (25). Hence, 

the test should have a long shelf life. The remaining qualities, easy-to-perform and cost-efficient, 

require further characterisation. The first is mostly related to the medical professionals 

performing the test in a clinical setting. The second relates mainly to the production of the test in 

a laboratory environment. 

The general workflow of toehold switch expression in paper functionalised with PURExpress is 

simple. Reactions can quickly be assembled with limited reagents. Additionally, while incubation 

at 37°C is optimal, the reaction proceeds at room temperature as well. This is especially useful 

when the test is performed at medical facilities with limited equipment. The majority of 

PURExpress reactions performed at 37 °C in this thesis were fully purple after 30 minutes. 

Reactions incubated at room temperature required between 60 to 90 minutes. The colourimetric 

output further drives the accessibility of the test. Because the test results are visible by eye, no 

specialised (imaging) equipment is necessary, which is unavailable in many medical facilities, 

especially in low-income countries (Table 1). That said, there are specific reagents required for 

the amplification and threshold reactions. The RNA strands for the TMSD reaction can be encoded 

and added to the cell-free reactions as DNA template. NASBA needs to be performed on miRNA 

isolated from a patient sample. This requires several enzymes that should be stored at -20°C, and 

a 41°C incubator is necessary for the reaction. The integration of these steps is still untested but 

should be investigated before the test can be considered easy to perform.  

This directly leads into the cost-efficiency of the test. The costs of only the materials for the paper 

test system and PURExpress reactions are ~ €2.50 per disc, in agreement with the work of Pardee 

et al. (2014) (25). Notably, the costs of all supplementary reagents (CPRG, RNAse inhibitor, 

nuclease-free water) are nearly negligible in comparison to the costs of PURExpress, which is 

notoriously expensive and labour-intensive to produce (58). When reagents for NASBA are 

included, the overall costs increase substantially. Similar work on paper-based toehold switch 

sensors for norovirus calculated a cost of €2.13 per NASBA reaction (28). Likewise, additional 

costs are made for the preparation of DNA template. Of these, the costs of the cell-free paper-based 

test system may be drastically decreased by producing a CFE system in-house. There are many 
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papers that detail the production of low-cost alternatives for commercial CFE systems (59–62). 

Irrespective of these possible improvements, the costs of the paper test produced in this thesis are 

a vast improvement over those associated with standard diagnostic procedures for MS. Generally, 

the costs of an MRI scan in the Netherlands are covered by basic insurance. However, these costs 

fall under own risk, which is set at €385 (63). The costs associated with a lumbar puncture are in 

a similar range at €205, where a standard blood draw only costs €13.50 (64). Thus, the diagnostic 

test designed here is far more affordable than current methods. Moreover, costs can likely be 

reduced further though optimisation of test production. 

The integration of this test into the current diagnostic procedure for MS is still a long way off. Still, 

it is valuable to mention that the test does not serve as a replacement of current techniques, but 

rather as an addition. In high-income countries, such as the Netherlands, where access to advanced 

medical care is commonplace, this test may be used to either confirm or rule out MS diagnosis 

after previous tests come back inconclusive. In low-income countries where this access is limited, 

the test can be used first. Only when the test comes back positive, specialised testing can be 

arranged. By streamlining the diagnostic process in this way, the test aims to provide patients with 

a more efficient path to an accurate diagnosis, allowing them to start treatment sooner.  
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4.0 Future research recommendations 

4.1 Characterisation of cell-free expression systems 
The work in this thesis was focused on the expression of toehold switches through CFE. As the 

production of CFE systems was beyond the scope of this study, commercial kits were used. These 

are extensively characterised and require no additional optimisation. However, investigating in-

house production of CFE systems is greatly valuable as these can be tailored to the needs of the 

experiment and are often cheaper to produce. Lysate-based systems are of particular interest as 

they are both more time- and more cost-effective. The main issues encountered in this study with 

commercial lysates were endogenous β-galactosidase presence and possible RNAse activity. To 

tackle these, suitable strain selection is key. For the expression of lacZ, a lac operon knockout strain 

should be used to prevent background signal. Additionally, strains with reduced RNAse activity 

could improve protein expression and toehold switch activation. Recently, the production of an 

effective RNAse inhibitor through cell-free reactions was detailed, specifically for the application 

to biosensors in bodily fluids (65). RNAse presence in bodily fluids, including blood, inhibits gene 

expression and can cause degradation of miRNA or the RNA needed for the TMSD reaction. The 

described method equips an E. coli CFE system with highly active RNAse inhibitor at a fraction of 

the cost of commercial alternatives. Alternatively, reagents can be embedded in the paper matrix 

to combat RNAses, as previously employed for saliva (66). Other methods have been reviewed in 

(67). These strategies are worth investigating for future reference. Moreover, the use of suitable 

direct reporters allows for comparison of gene expression between strategies and CFE systems. 

4.2 Optimisation of workflow and test assembly 
Once the optimal CFE system is selected, the assembly of cell-free reactions onto paper is next. 

This process was successfully demonstrated in this thesis for simple toehold switch reactions. The 

expression of larger genetic circuits, including those with the ability to perform (complex) Boolean 

logic functions, is a crucial step in the optimisation process. Notably, this workflow does not yet 

take into account the use of NASBA product to activate the test and the TMSD reaction to set the 

threshold. This would therefore require further study, though the use of NASBA in similar paper-

based systems has been established (28). Last, several efforts have been made to extend the 

scalability of particularly lysate-based CFE systems, and to improve the accessibility of techniques 

such as freeze-drying, which in turn supplies such systems with long shelf-life and stability of 

biochemical components (68). These may be investigated for large-scale test production. 

4.3 Application to MS diagnostics and beyond 
The main concern for any medical application is insufficient accuracy. Due to complications with 

experimental procedure, accuracy could not be determined in this thesis. However, considerable 

leakiness of toehold switch constructs was observed, as described in 3.2 In vitro expression and 

performance of toehold switches. This raises questions about the accuracy achievable with 

toehold switches or multi-input AND gates. A similar set-up as described in 2.4 Determination of 

test accuracy should be used, taking the detection limits of the designed toehold switches or gates 

into account. In any case, high accuracy should be considered an immediate priority for the 

development of diagnostic tests based on this technology. For MS specifically, a thorough review 

of the accessibility criteria should be done. Outside of the test properties, the expertise of medical 

professionals and patient experience is crucial to design a diagnostic test that addresses the needs 

of MS patients. Finally, the broader potential of this method for the diagnosis of other complex 

diseases should not be overlooked.  
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5.0 Conclusions 
In this study, the cell-free expression of miRNA toehold switches in paper was investigated for the 

diagnosis of Multiple Sclerosis. Cell-free expression systems facilitate rapid expression of target 

proteins and circumvent constraints associated with conventional in vivo protein expression. By 

embedding such systems in paper, affordable, low-volume tests are generated. These tests can be 

freeze-dried to equip them with long-term storage capabilities and stability at room temperature. 

Current diagnostic methods for MS are lacking in specificity and accessibility. The cell-free test 

proposed here aims to address these limitations by using toehold switches to detect a pattern of 

miRNAs specific to MS. These miRNAs are present in blood, allowing for minimally invasive access. 

Commercial kits were used for the in vitro synthesis of β-galactosidase, an enzyme that catalyses 

a colourimetric reaction. It was found that this enzyme is natively present in lysate-based CFE 

systems. Therefore, reconstituted CFE was used to express toehold switches activated by miRNA 

and a two-input AND gate in vitro. Downscaling the reactions to a volume of 2 µL contributes to 

the cost-effectiveness of the test, with no observed reduction in substrate conversion. Additionally, 

these reactions were embedded in paper and could be activated by the addition of (mi)RNA, 

further validating the test strategy. The colourimetric reaction can be seen by eye, meaning no 

specialised equipment is required. The low cost of this system compared to other diagnostic 

methods contributes to its accessibility. 

However, the accuracy of the test remains a concern. RNAse contamination likely hindered gene 

expression leading to inconsistent results. Additionally, toeholds switch and AND gate constructs 

showed gene expression in the absence of miRNA, which could further threaten the accuracy. 

Furthermore, there are much more affordable strategies to produce lysate-based CFE systems 

compared to reconstituted systems like PURExpress. In the future, exploring various methods to 

produce these lysates will reduce the costs and allow for full customisation to the needs of the test. 

Modifications may include the selection of strains deficient in RNAse activity, upscaling the 

production, and integration of amplification and threshold reactions. Moreover, alternative 

reporter systems such as chromoproteins should be investigated to compare the performance of 

different CFE systems. 

Ultimately, this test was designed to streamline the diagnostic procedure for MS. The use of miRNA 

is particularly promising due to their high specificity and stability in blood. Paper discs 

functionalised with CFE are used in a cost-efficient test platform that can be used in medical 

facilities with standard equipment and limited reagents. In conclusion, cell-free expression in 

paper is used for a specific and accessible diagnostic test for MS based on miRNA, with promising 

initial results showing miRNA-dependent gene expression through a simple test mechanism.  
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Extended materials 

pT7-LacZ sequence 

 

gchtagtggtgctagccccgcgaaatTAATACGACTCACTATAGggtctagaaataattttgtttaactttaagaaggagatatac

atATGACCATGATTACGGATTCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTACh

CCAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGAT

CGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGCGCTTTGCCTGGTTTCCGGCACCAGAAGCG

GTGCCGGAAAGCTGGCTGGAGTGCGATCTTCCTGAGGCCGATACTGTCGTCGTCCCCTCAAACTGGCAGA

TGCACGGTTACGATGCGCCCATCTACACCAACGTGACCTATCCCATTACGGTCAATCCGCCGTTTGTTCCC

ACGGAGAATCCGACGGGTTGTTACTCGCTCACATTTAATGTTGATGAAAGCTGGCTACAGGAAGGCCAGA

CGCGAATTATTTTTGATGGCGTTAACTCGGCGTTTCATCTGTGGTGCAACGGGCGCTGGGTCGGTTACGG

CCAGGACAGTCGTTTGCCGTCTGAATTTGACCTGAGCGCATTTTTACGCGCCGGAGAAAACCGCCTCGCG

GTGATGGTGCTGCGCTGGAGTGACGGCAGTTATCTGGAAGATCAGGATATGTGGCGGATGAGCGGCATT

TTCCGTGACGTCTCGTTGCTGCATAAACCGACTACACAAATCAGCGATTTCCATGTTGCCACTCGCTTTAA

TGATGATTTCAGCCGCGCTGTACTGGAGGCTGAAGTTCAGATGTGCGGCGAGTTGCGTGACTACCTACGG

GTAACAGTTTCTTTATGGCAGGGTGAAACGCAGGTCGCCAGCGGCACCGCGCCTTTCGGCGGTGAAATT

ATCGATGAGCGTGGTGGTTATGCCGATCGCGTCACACTACGTCTGAACGTCGAAAACCCGAAACTGTGGA

GCGCCGAAATCCCGAATCTCTATCGTGCGGTGGTTGAACTGCACACCGCCGACGGCACGCTGATTGAAGC

AGAAGCCTGCGATGTCGGTTTCCGCGAGGTGCGGATTGAAAATGGTCTGCTGCTGCTGAACGGCAAGCC

GTTGCTGATTCGAGGCGTTAACCGTCACGAGCATCATCCTCTGCATGGTCAGGTCATGGATGAGCAGACG

ATGGTGCAGGATATCCTGCTGATGAAGCAGAACAACTTTAACGCCGTGCGCTGTTCGCATTATCCGAACC

ATCCGCTGTGGTACACGCTGTGCGACCGCTACGGCCTGTATGTGGTGGATGAAGCCAATATTGAAACCCA

CGGCATGGTGCCAATGAATCGTCTGACCGATGATCCGCGCTGGCTACCGGCGATGAGCGAACGCGTAACG

CGAATGGTGCAGCGCGATCGTAATCACCCGAGTGTGATCATCTGGTCGCTGGGGAATGAATCAGGCCACG

GCGCTAATCACGACGCGCTGTATCGCTGGATCAAATCTGTCGATCCTTCCCGCCCGGTGCAGTATGAAGG

CGGCGGAGCCGACACCACGGCCACCGATATTATTTGCCCGATGTACGCGCGCGTGGATGAAGACCAGCCC

TTCCCGGCTGTGCCGAAATGGTCCATCAAAAAATGGCTTTCGCTACCTGGAGAGACGCGCCCGCTGATCC

TTTGCGAATACGCCCACGCGATGGGTAACAGTCTTGGCGGTTTCGCTAAATACTGGCAGGCGTTTCGTCA

GTATCCCCGTTTACAGGGCGGCTTCGTCTGGGACTGGGTGGATCAGTCGCTGATTAAATATGATGAAAAC

GGCAACCCGTGGTCGGCTTACGGCGGTGATTTTGGCGATACGCCGAACGATCGCCAGTTCTGTATGAACG

GTCTGGTCTTTGCCGACCGCACGCCGCATCCAGCGCTGACGGAAGCAAAACACCAGCAGCAGTTTTTCC

AGTTCCGTTTATCCGGGCAAACCATCGAAGTGACCAGCGAATACCTGTTCCGTCATAGCGATAACGAGCTC

CTGCACTGGATGGTGGCGCTGGATGGTAAGCCGCTGGCAAGCGGTGAAGTGCCTCTGGATGTCGCTCCA

CAAGGTAAACAGTTGATTGAACTGCCTGAACTACCGCAGCCGGAGAGCGCCGGGCAACTCTGGCTCACA

GTACGCGTAGTGCAACCGAACGCGACCGCATGGTCAGAAGCCGGGCACATCAGCGCCTGGCAGCAGTGG

CGTCTGGCGGAAAACCTCAGTGTGACGCTCCCCGCCGCGTCCCACGCCATCCCGCATCTGACCACCAGCG

AAATGGATTTTTGCATCGAGCTGGGTAATAAGCGTTGGCAATTTAACCGCCAGTCAGGCTTTCTTTCACA

GATGTGGATTGGCGATAAAAAACAACTGCTGACGCCGCTGCGCGATCAGTTCACCCGTGCACCGCTGGAT

AACGACATTGGCGTAAGTGAAGCGACCCGCATTGACCCTAACGCCTGGGTCGAACGCTGGAAGGCGGCG

GGCCATTACCAGGCCGAAGCAGCGTTGTTGCAGTGCACGGCAGATACACTTGCTGATGCGGTGCTGATT

ACGACCGCTCACGCGTGGCAGCATCAGGGGAAAACCTTATTTATCAGCCGGAAAACCTACCGGATTGATG

GTAGTGGTCAAATGGCGATTACCGTTGATGTTGAAGTGGCGAGCGATACACCGCATCCGGCGCGGATTGG

CCTGAACTGCCAGCTGGCGCAGGTAGCAGAGCGGGTAAACTGGCTCGGATTAGGGCCGCAAGAAAACTA

TCCCGACCGCCTTACTGCCGCCTGTTTTGACCGCTGGGATCTGCCATTGTCAGACATGTATACCCCGTACG

TCTTCCCGAGCGAAAACGGTCTGCGCTGCGGGACGCGCGAATTGAATTATGGCCCACACCAGTGGCGCG

GCGACTTCCAGTTCAACATCAGCCGCTACAGTCAACAGCAACTGATGGAAACCAGCCATCGCCATCTGCT

GCACGCGGAAGAAGGCACATGGCTGAATATCGACGGTTTCCATATGGGGATTGGTGGCGACGACTCCTG

GAGCCCGTCAGTATCGGCGGAATTCCAGCTGAGCGCCGGTCGCTACCATTACCAGTTGGTCTGGTGTCAA
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AAATGAtgaggatcccgggaattctcgagtaaggttaacctgcaggaggcctttaattaaggtggtgcggccgcgctagcggtcccgg

gggatcgatccggCTGCTAACAAAGCAAAGGAGGAACTATATCCGAAAGGAAGCTGAGTTGGCTGCTGCCAC

CGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGG

AGGAACTATATccggaagcttggcactggccgaccggggtcgagcactgactcgctgcgctcggtcgttcggctgcggcgagcggt

atcagctcactcaaaggcggtaatacggttatccacagaatcaggggataacgcaggaaagaacatgtgagcaaaaggccagcaaa

aggccaggaaccgtaaaaaggccgcgttgctggcgttTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATC

GACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTC

CCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCG

TGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTG

TGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGC

TAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCG

GTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGC

TCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGT

AGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAgaagatcctttgatcttt

tctacggggtctgacgctcagtggaacgaaaactcacagatccgggattttggtcatgagattatcaaaaaggatcttcacctagatcctt

ttaaattaaaaatgaagttttaaatcaatctaaagtatatatgagtaaacttggtctgacagTTACCAATGCTTAATCAGTGAGG

CACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGA

TACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGA

TTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCC

ATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGT

TGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAA

CGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGT

TGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCA

TGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGG

CGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGC

TCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGAT

GTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAA

ACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATactcttccttt

ttcaatattattgaagcatttatcagggttattgtctcatgagcggatacatatttgaatgtatttagaaaaataaacaaataggggttccgc

gcacatttccccgaaaagt 

 

Legend T7 promoter 

 LacZ coding sequence 

 T7 terminator 

 Origin of replication 

 Ampicillin resistance gene 

S 1 – Annotated sequence of pT7-LacZ. This plasmid contains lacZ under control of the T7 promoter and terminator and 

carries an ampicillin resistance gene.  
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Primer sequences 

Primer sequence Function 

agatatacatATGACCATGATTACGGATTC 
Forward primer to amplify LacZ and introduce 

homology arms for PURExpress backbone 

gggatcctcaTCATTTTTGACACCAGAC 
Reverse primer to amplify LacZ and introduce 

homology arms for PURExpress backbone 

tcaaaaatgaCTCGAGCAAAGCCCGC 
Forward primer to amplify PURExpress backbone 

and introduce homology arms for LacZ 

tcatggtcatGGTATATCTCCTTCTTAAAG 

TTAAACAAAATTATTGC 

Reverse primer to amplify PURExpress backbone 

and introduce homology arms for LacZ 

S 2 – Primer sequences used to assemble pT7-LacZ. Primers contain homology arms for HiFi assembly (lowercase). 
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Extended results 

Native β-galactosidase presence in T7 S30 Extract system 

The alternative substrate X-gal was used to confirm the presence of native β-galactosidase in the 

lysate-based T7 S30 Extract system. As observed in the reactions with CPRG, these reactions 

turned blue immediately after addition of X-gal.  

 

S 3 – Expression of lacZ in the T7 S30 Extract system using X-gal as substrate. The reaction on the left contains no DNA 

template, the reaction on the right contains the positive control plasmid pT7-LacZ. 
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Toehold switch leakiness in vitro 

Cell-free reactions of toehold switches showed considerable discolouration 24 hours after 

incubation, indicating leakiness of toehold switches in the absence of the miRNA trigger. The same 

was observed for the AND gate in the absence of both RNA triggers. Differences between reactions 

with and without trigger RNA are still visible by eye, but this is a concern for test accuracy.  

 

S 4 – Cell-free expression (PURExpress) of toehold switches with and without trigger (mi)RNA 24h after incubation. From 

left to right, the tubes contain no DNA template (-); toehold switch A; toehold switch B; toehold switch C; two-input AND gate; 

positive control (+). To the tubes in the bottom row (except for the positive and negative control), 0.5 µL of trigger was  added. 

25 ng of DNA template was added to all reactions.  


