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A B S T R A C T   

Fluorescent reporters have revolutionized modern applications in the fields of molecular and synthetic biology, 
enabling applications ranging from education to point-of-care diagnostics. Past advancements in these fields have 
primarily focused on improving reaction conditions, the development of new applications, and the broad 
dissemination of these technologies. However, field and classroom-based applications have remained limited in 
part due to the nature of fluorescent signal detection, which often requires the use of costly lab equipment to 
observe and quantify fluorescence readouts. Users without access to laboratory equipment rely on qualitative 
assessments of fluorescence, a process that remains highly variable from user-to-user even within the same 
classroom. To overcome this challenge, we have developed a foldable illuminator and incubator device to 
support field-applications of synthetic biology-based biosensors for education and diagnostics. The Fold- 
Illuminator is an affordable, portable, and recyclable device that allows for the visible detection of fluorescent 
biomolecules. The Fold-Illuminator’s design allows for assembly in under 10 min, a user can then utilize the 
optional heating element to incubate biochemical reactions and visualize fluorescence outputs in a defined and 
light-controlled environment. Interchangeable LED strips and light-filtering screens provide modularity to pair 
with the fluorescence wavelengths of interest. The user can then unfold the device for convenient storage, 
transport, or even recycling. The cost for the Fold-Illuminator is $5.58 USD and is compatible with an optional 
heating element for an additional $3.98 cost, with potential for further reductions in cost for larger quantities. 
Open-source templates for cutting device parts from paper stock are provided for both printing and cutting by 
hand; cutting can also be achieved with consumer-grade smart cutting machines such as the Cricut®. Combined 
with the broad applications of fluorescent reporters, the Fold-Illuminator has the potential to improve access to 
fluorescence visualization and quantification for new users as well as emerging field applications.   

1. Introduction 

Fluorescent reporters have transformed the way that many 
biochemical processes are applied in the real-world. In recent years, 
fluorescent reporters have enabled many novel applications in di
agnostics [1–3], point-of-care testing [4] and education [5]. The 
development of reporters, which range in composition and mechanism 
from small molecule fluorophores and fluorogens to nanomaterials and 
fluorescent proteins [6], has allowed for the observation of biochemical 
processes in real time [7]. While the fluorescent reporter and the 

application may vary, each of these cases represent a dependency on 
laboratory equipment for the reproducible visualization and quantifi
cation of fluorescence signals. 

We sought to develop a low-cost portable fluorescence illuminator 
that could provide a consistent environment for the incubation and 
visualization of biochemical reactions for field-based applications. 
Specifically, we sought to reduce the most common sources of variability 
in field-observations of fluorescence in the absence of instrumentation – 
variability in excitation light source, angle, and intensity, as well as the 
variability in ambient light. Notably, portable illuminators have been 
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previously developed (Table S1) [8,9,33,34]. However, we have pur
sued a solution to the aforementioned objectives through an alternate 
design approach that increases compatibility with classrooms and 
low-resource communities. 

Capital cost of equipment is only one aspect of the limitations facing 
implementation in low-resource environments. For example, over 90% 
of medical equipment donated to low- and lower-middle-income coun
tries (LMICs) is projected to be non-functional within five years [10]. 
Reliability and low-cost are important features in a portable device, but 
insufficient for broader impacts. Design must anticipate that 1) mal
functions must not present catastrophic damage to the device or the 
user, 2) replacement parts can be easily sourced, and 3) repairs can be 
made with common technical skills and resources. A notable example 
includes the NeoNurture, a neonatal incubator made from car parts such 
that repairs can be made by a local workforce skilled in automotive 
repair using available car supplies [11]. Similar principles apply for the 
democratization of laboratory equipment. Low-cost open-source lab
ware is essential for field-applications as well as implementation of 
emerging science in the LMICs and global education [12,13]. Toward 
this end, there is interest in paper-based, foldable devices that provide 
the utility of traditional labware, with the advantages of portability, 
cost, and materials availability that support broad dissemination 
[14–17]. 

To develop a low-cost, portable fluorescent illuminator, it’s impor
tant to distinguish between quantitative and qualitative fluorescence 
detection. Quantitative methods report exact concentrations of fluo
rescent reporters but are often costly and lack portability [18–20], 
whereas qualitative methods are generally cheap and portable [21,22]. 
Qualitative detection often relies on the use of eyesight, where the user 
is able to confirm a fluorescence signal in the visible spectrum, and can 
be augmented with the use of a light source matching the excitation 
wavelength and a filter to improve the signal-to-noise ratio compared to 
ambient light alone. The resulting improvements to the sensitivity of 
visible observations means that the user can score for success in signif
icantly less time compared to ambient light conditions. Costing on 
average less than $3.00 for the pair, our design constraints utilize a 
LED/light filter combination as an affordable, portable option that 
would allow the user to obtain more confidence in their reaction results 
in less time. Additionally, biochemical reactions such as cell-free protein 
synthesis benefit from incubation at temperatures in the range of 30–37 
◦C [4,5]. While not all applications may require a built-in incubator, our 
design constraints required compatibility with this optional add-on. 

Further features that characterize the Fold-Illuminator are dura
bility, affordability, and recyclability. After numerous iterations, we 
report a design that is user-friendly, meets our design criteria, and costs 
$5.58 per Fold-Illuminator, with an additional $3.98 for the optional 
USB-powered heating element. The entire exterior is paper based, of
fering 85% recyclability by weight and a durable design to prevent 
catastrophic loss of function upon dropping. Considering that most of 
the design is paper-based, new parts can be easily constructed from 
available paper and cardstock. Combined, these features allow for a 
device that can be disseminated into the hands of users globally. Here we 
detail the design, production, and assembly of the Fold-Illuminator. We 
include user manuals and videos for instructors and technical staff, as 
well as for the users themselves. 

1.1. Current transilluminators, diagnostic devices, and portability 
innovations 

Over the past several years, advancements in molecular biology 
techniques and the increasing portability of these techniques have 
ushered the science out of the laboratory and into the field. The adap
tation of techniques like microscopy and cell-free expression as di
agnostics assays that traditionally required laboratory-grade equipment 
and trained technical staff into hand-held, user-friendly devices has 
driven the need for lower cost, portable devices ideal for classroom and 

field-based use [14]. Naturally, the demand for access to cheap, 
portable, equipment has also increased as new users have become 
interested in the educational and life-saving benefits of these enabling 
technologies. 

The portability offered by the Fold-Illuminator reported here was 
inspired through past advancements in the conversion of laboratory- 
grade equipment into portable equipment accessible to field and 
classroom-based users [14–16]. The Foldscope, for example, is a paper 
origami-based microscope that has significantly increased the access to 
microscopy around the world for science and education [14]. Starting 
from a flat piece of paper, assembly time takes less than 10 min while 
allowing for up to 2000× magnification. Inexpensive microscopes that 
cost ~$15 are readily available, while the Foldscope reduces that cost by 
10x. In addition to cost-effectiveness, the portability, and construction 
from readily available materials has allowed for the Foldscope’s broad 
dissemination and its corresponding impact as an educational tool as 
well as a low-cost diagnostic tool [23]. Following the success of the 
Foldscope, the Paperfuge provides the capacity to perform centrifuga
tion of biological samples in the field and classrooms at a low cost, and 
with the ease-of-use equivalent to a children’s toy [17]. While these 
specific examples were a source of our inspiration, similar design 
thinking has been applied towards the development of a variety of de
vices, even for complex devices such as foldable, functional robots [15, 
16]. 

Fluorescence detectors have also been previously integrated into 
portable systems. A recently developed pocket-sized fluorescence de
tector was implemented as an affordable method to detect fluorescence 
in point-of-care testing [24]. The samples are first assayed on filter 
paper, which is then placed in the device for product detection. Costing 
less than $15, the device utilizes LEDs, a light dependent resistor, and 
filter foil for fluorescence detection and can reach a lower limit of 
detection of 6.8 nM fluorescein. By using a Cas13a-based fluorescence 
assay, this limit of detection was decreased to 3.7 nM. However, this 
device is limited to the detection of paper-spotted reactions. Portable 
devices for visualizing fluorescence from cell-free systems capable of 
accommodating microfuge tubes and 96-well plates have also been 
developed, and have demonstrated the utility of a portable illuminator 
for education and point-of-care applications [9]. Design features of these 
devices are useful and were also considered in the development of the 
Fold-Illuminator, as we aimed to transition from their plastic or 3D 
printed parts to paper-based scaffolds. 

Paper has proven to be an important material for synthetic biology 
more broadly. Many other portable diagnostic and biosensor tools rely 
on paper as the scaffold for containing and implementing biochemical 
reactions; while these approaches are distinct from the Fold-Illuminator 
device reported herein, we believe it is important to note the powerful 
utility of paper for field applications of biotechnology. In many cases, 
paper is used to replace the traditional reaction vessels such as micro
fuge tubes and microfluidic devices. Paper-based reactions often employ 
lyophilized cell-free expression alongside synthetic diagnostic systems, 
such as CRISPR-Cas, toehold switch, or riboswitch-based systems [3,25]. 
Due to their being run on paper, reaction costs are cheap – often offering 
material costs of less than $10 USD per reaction [1,25]. With applica
tions ranging from detection of water contaminants, nucleic acids, 
proteins, microbes, and a variety of viruses, these paper-based di
agnostics take traditionally laboratory-based experiments and make 
them deployable to field and classroom-based settings [1,2,14,25,26]. 

Observing commonalities among existing fluorescence detectors 
allowed us to establish key design constraints, for example, LEDs 
coupled with a light-filtering screen appeared to be the most common 
low-cost method for exciting the fluorophore and observing emission. 
The Fold-Illuminator is also paper-based, allowing for a cheap, foldable, 
and portable design ideal for field and classroom users. Lastly, as 
opposed to other currently available fluorescence illuminators, the Fold- 
Illuminator has been designed to accommodate a USB-powered heating 
element for reaction incubation. The culmination of all these features 
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has resulted in a novel design ideal for many applications of molecular 
and synthetic biology. 

2. Design and construction 

The components of the Fold-Illuminator (Table 1) can be collected 
into a kit, which the user can assemble when needed. All listed com
ponents are modular, with the LED-strip and acrylic filters commercially 
being to support the desired fluorescence readout. Instructions on kit 
set-up are included in both a file (Supplementary Material Fold- 
Illuminator Assembly Instructions) and video (Supplementary Video 
1) format. New users can expect set-up to take under 10 min, with the 
final product being a 4.5 × 4 × 1-inch easy-to-carry rectangular device 
weighing ~0.6 pounds (Fig. 1). Detailed designs of individual compo
nents can be found in Supplementary Material Fold-Illuminator Design. 
Templates for cutting device parts from paper stock are provided for 
both printing and cutting by hand (Supplementary Material: Fold- 
Illuminator Assembly Instructions); machine cutting can also be ach
ieved using consumer-grade smart cutting machines such as the Cricut® 
(Supplementary Material The Cricut, Supplementary Video 2). Opera
tional and safety instructions of the Fold-Illuminator can be found in 
Supplementary Material Operation and Safety. After use, the entire 
exterior can be disassembled, allowing for easy storage, transport, or 
recycling. 

Supplementary video related to this article can be found at https 
://doi.org/10.1016/j.synbio.2021.04.003 

2.1. Assembly 

The origami-type nature of the Fold-Illuminator was made possible 
through the use of a paper-based exterior design. The Fold-Illuminator 
exterior comes direct to the user as a kit containing the unassembled 
box piece, sheath piece, a 0.6 mL microfuge tube holder (9-hole), and a 
2.0 mL microfuge tube holder (5-hole) (Fig. 1A). Assembly of these 
components into the complete Fold-Illuminator design (Fig. 1B) is 
possible solely through the use of folding, without the need for tape, 
glue, or any other adhesive material. Obviating the need for adhesives 
was a design decision intended to improve functionality in resource- 
limited environments. The battery, LEDs, and or USB heater can then 

be easily attached to the box piece with the use of provided Velcro dots. 
Hook and loop tape or a similarly functioning item can act as a Velcro 
dot replacement; however, double-sided tape is not recommended as a 
replacement. The acrylic filter simply slides and locks into the light filter 
holder of the sheath piece. Detailed instructions on assembling the Fold- 
Illuminator using the kit components are included in Supplementary 
material 1 and Supplementary Video 1; instructions are also publicly 
available on GitHub at https://github.com/CPilluminators/Fold-ill 
uminator. Following assembly, the Fold-illuminator is ready for the 
user to insert their tubes into the tube holder corresponding to their tube 
size, place it into the box, positioned above the battery, and slide the box 
into the sheath piece. A hole in the back of the box piece allows the user 
to then switch on the battery to power the LEDs, enabling visualization 
of the tubes of interest through the acrylic filter. After use, the Fold- 
Illuminator can be disassembled following the assembly steps in 
reverse order, allowing for storage, transport, or recycling of the now 
compact components. 

2.2. Cost 

The Fold-Illuminator offers a design utilizing affordable materials, 
costing the user $5.58 per illuminator with an optional $3.98 cost for the 
heating element (Tables S2 and S3). This price may fluctuate depending 
on the specific lighting and light-filtering needs of the user, the vendor 
and shipping costs, and price can be reduced larger quantities of parts 
are purchased. 

3. Detection 

The detection is intended to be qualitative but can become quanti
tative when combined with image analysis software such as ImageJ. For 
many applications in education and diagnostics, the goal is often to 
simply determine whether the reporter is present in the sample, granting 
the user a yes or no answer to the question: Did my reaction work? This 
provides less information to the user about the nature of the sample 
being analyzed, while also minimizing the cost of the analysis. Given 
that the choice of DNA template and composition of the cell-free system, 
a yes/no binary readout can provide sufficient, actionable information. 
For example, a non-expert in a LMIC can evaluate whether their water is 
safe to drink, or a student can evaluate whether their CRISPR/Cas re
action was successful. The Fold-Illuminator also provides a light- 
controlled environment for analyzing their samples. The outcome is 
improved signal-to-noise ratio for viewing fluorescence, which func
tionally improves the relative sensitivity of the process. (Fig. 2). 

3.1. LEDs 

When a fluorescence reporter is present in robust quantities, ambient 
white light conditions can be sufficient to visualize the sample (Fig. 2). 
However, exciting the fluorophore with a dedicated light source can 
significantly improve the signal output (Fig. 2). Here, LED light strips 
were chosen to be used in the Fold-Illuminator as an alternate source of 
light due to their low-cost, compact size, interchangeability, and user- 
friendliness. The vendor was Waveform lighting, who charged $1.45 
per 10 mm width, 3 inch length blue LED light strip (Table S3). As the 
entire Fold-Illuminator setup is user-defined, changing the LED bulb 
type only requires ordering a different LED strip. The modularity of this 
feature lends itself to the effectiveness of the Fold-Illuminator across a 
plethora of fluorescent reporters and reaction types. In our evaluations, 
we have found that fewer LEDs suffice for visualizing the sample and 
may even reduce background noise. Users can optimize the LED strip 
length for their purposes for both improving signal-to-noise as well as 
reducing overall cost. 

Table 1 
Cost of individual Fold-Illuminator components. Shipping and tax is not 
included. Item descriptions and vendors can be found in Table S2.  

Item Description Quantity Cost per unit 

Illuminator 
490 nm Blue LED light 

strip 
10 mm width, 3 
inch length 

1 $1.45 

Battery 9 V 1 $1.38 
(Amazon Brand) 
Battery Holder 9 V snap 

connection with 
switch 

1 $0.85 

Paperboard 11′′ × 24′′ 1 $0.27 
Filter Sheet 1/8′′ thick, 4′′ × 2′′ 1 $0.64 
Velcro Dots (pair) 0.75′′ diameter 2 $0.09 
LED to Wire 

Connector 
10 mm LED strip, 
plastic 

1 $0.90 

Summary:   Cost per Illuminator    
$5.58 

Item Description  Cost per unit 

Heating element 
(optional)    

USB heater 5 V, carbon fiber, 
3.74" × 2.56′′

1 $3.98 

Summary for 
incubator þ
illuminator   

Total cost per 
Illuminator and 
heater    
$9.56  
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3.2. Light filtering screen 

A light filtering screen was chosen to be paired with LEDs due to its 
light-absorbing features. Light-filtering screens come in a variety of 
colors to suit a variety of experiments, and work by absorbing all colors 
except their designated color. For example, a yellow screen would 
absorb all colors except yellow, providing high contrast between yellow 
and other colors – creating an ideal environment for a product emitting a 
yellow fluorescence. This reduces the noise from excitation light to 
improve observation of the signal of the fluorescence emission. Here, we 
incorporated 1/8′′ thick, 4′′ × 2′′ acrylic filters, which currently cost ~ 
$0.64 on Amazon.com, into the design (Tables S2 and S3). Acrylic is sold 
in both transparent and translucent options; users should take note to 
purchase transparent acrylic only. The utility, affordability, and small 
size has made it an important component of the Fold-Illuminator. 
Additionally, we have listed several common fluorescent proteins and 
dyes, and their recommended LED and acrylic filter wavelengths 
(Table S3). 

3.3. ImageJ software 

While the intention of the Fold-Illuminator is to enable qualitative 
assessment of fluorescence, the ImageJ software can allow the Fold- 
Illuminator to be quantitative for relative comparisons. ImageJ is a 
software tool that allows for a quantitative evaluation of images [19,27, 
28]. A user can first image their positive control alongside the experi
mental reaction with any mobile camera. Then, after downloading 
ImageJ from the National Institute of Health’s website: https://imagej. 
nih.gov/ij/download.html, a standard curve of fluorophore concentra
tion versus pixel brightness can be established for the positive control. 
We have included a standard curves of fluorescein isothiocyanate using 

the Fold-Illuminator and ImageJ in Fig. S1 for reference. Once a stan
dard curve is established, the pixel brightness of the test reaction can be 
quantified to determine the concentration of the reporter. The utiliza
tion of image processing software provides an affordable and portable 
method for users to quantify fluorescence using the Fold-Illuminator. 

4. Additional components 

4.1. USB heater 

Biochemical processes, such as cell-free protein expression, which 
produce fluorescent protein products often benefit from incubation at 
temperatures of ~37 ◦C. Current solutions to providing heat remain 
divided. In research labs, incubators are commonly used – providing a 
stable temperature of which the user can set, like a hot version of a 
fridge. However, these are often expensive pieces of machinery that lack 
portability. For classroom and field use, a common incubation method is 
to simply place the reaction in one’s pocket. This offers a crude, yet 
sufficiently warm environment to help promote the reaction of interest. 
With the goal of providing a more consistent environment for the con
duction of biochemical reactions, the Fold-Illuminator has been 
designed to accommodate an electronic heating element. We opted 
against chemical heat packs in the spirit of sustainability, as well as to 
reduce repeat cost of operation. The heating element we have chosen is 
powered through USB connection (Fig. 3). This design decision no 
longer makes the Fold-Illuminator a free-standing device; however, this 
was preferred over the alternate options. In order to make a heating 
option free-standing, a larger, dedicated battery pack would be required, 
increasing cost and size. Additionally, we anticipate that the use of the 
heating element and the LED light would not be simultaneous and 
controlling both independently in a free-standing device would add 

Fig. 1. (A) Schematic of the Fold-Illuminator paper-based exterior. (B) Depiction of the complete Fold-Illuminator design, which includes the paper-based box 
exterior, test tube holder, sheath, light filter holder, light filter, battery, and battery holder without the optional heating element. More detailed designs can be found 
in Supplementary Material Fold-Illuminator Design. 

Fig. 2. Comparison of sfGFP fluorescence visualization under ambient low-light conditions (left) versus blue light conditions and a yellow acrylic filter using the 
Fold-Illuminator (right). Both conditions have a negative control on the left, followed respectively by sfGFP concentrations of 125 ng/uL, 250 ng/uL, and 500 ng/uL. 

L.R. Burrington et al.                                                                                                                                                                                                                           

http://Amazon.com
https://imagej.nih.gov/ij/download.html
https://imagej.nih.gov/ij/download.html


Synthetic and Systems Biotechnology 6 (2021) 95–101

99

complexity to the electronics required. In order to maintain simplicity 
for the end user, we opted against the use of more complex electronics. 
We have therefore made the assumption that most users will have access 
to a laptop or power bank with USB compatibility to support the heating 
element. USB adapters can also be used to connect the heater to a mobile 
phone or other portable devices, however, users should be advised to 
evaluate their device compatibility for such applications. For this 
reason, we recommend only using laptops, power banks, or outlets to 
power the USB heater. The selected heating element is able to maintain 
the Fold-Illuminator at a temperature of ~41 ◦C after warming up for 
10–15 min, depending on ambient conditions (Fig. S1, Table S4). Users 
may make modifications to the device to improve the insulating capacity 
of the Fold-Illuminator or cut additional vents to obtain a lower tem
perature. Given the modular nature of this design, we are optimistic that 
improved electronics solutions for heating will emerge in the coming 
years that could replace our current solution. 

4.2. Recyclability and durability 

The environmental impact of the Fold-Illuminator was also involved 
in our design process. The impacts of production, transportation, and 
disposal were one of our primary design constraints for materials used. 
This was accomplished by designing the entire exterior with paper
board, achieving a total recyclability of 85% by weight. The only non- 
recyclable components are the electrical factors including the LED- 
strips, battery, USB heater, and wiring. Additionally, utilization of 
paperboard as the exterior shell creates a safe, sturdy structure that 
prevents loss of function upon common user errors, such as dropping. 

The exterior of this device is designed with the intention of being 
disposable after a small number of uses. Electronics such as the battery 
and LEDs can be repurposed for many applications globally. As a result, 
the exterior is less durable than alternate options made of plastic. 
However, if there is a catastrophic failure to the exterior, a new one can 
be generated quickly and at a minimal cost. 

5. Applications of the illuminator 

The utility of the Fold-Illuminator is well aligned with a broad range 
of applications in biological research, and education. However, our 
impetus was to support the field and classroom applications of cell-free 
biotechnology, or furthermore to support in vitro transcription and 
translation in the hands of non-experts. Here, we note a few cases that 
demonstrate a need for the Fold-Illuminator. 

Currently, devices such as the transilluminator are abundant in 
classrooms to enable students to experience hands-on learning of bio
logical concepts, using fluorescence to observe the molecular world. For 

example, a college biochemistry class at Bandung Institute of Technol
ogy in Indonesia used UV transilluminators in a lab exercise involving 
enzyme preparations to view indication of fibrinolytic activity (Fibri
nolysis is a bodily process that prevents blood clots from forming) [29]. 
The transilluminators detected the glow from fluorescent dye and 
indicated a complete reaction, allowing for hands-on learning of previ
ously lecture-only material. The use of cell-free systems to teach the 
genetic code in a learn-by-doing manner is also emerging [5,9,28]. In 
this process, students are able to learn the fundamental concepts of 
transcription and translation in an engaging, hands-on manner. Addi
tionally, students who performed this lab showed significant score in
creases in learning gains compared to the control group [5]. 

The Fold-Illuminator is a useful tool for indicating when a vaccine 
has been successfully produced with iVAX, an in vitro bioconjugate 
vaccine expression system [4]. iVAX produces multiple individual doses 
of vaccines that protect against bacteria such as various strains of E. coli, 
offering a portable do-it-yourself system for the on-demand synthesis of 
a variety of vaccines. These vaccines are often developed to produce a 
fluorescent output, allowing for faster visualization through the illu
mination capabilities of the Fold-Illuminator. iVAX also does not require 
very cold temperatures during transportation - fitting in with the 
portability of the Fold-Illuminator as reagents can easily be dissemi
nated for field use. As a highly affordable and portable technology, the 
Fold-Illuminator thus increases the number of people in LMICs that have 
access to on-demand vaccine and therapeutics production. 

Another field of biology that possesses a need for a portable fluo
rescence device is in pathogen detection. Current detection methods 
generally rely on the use of PCR or isothermal amplification to amplify 
nucleic acids, in turn generating quantifiable concentrations of sample. 
A requirement of these biological tools is a heat source to promote 
nucleic acid denaturation, and an acrylic filter with a colored LED can 
prove beneficial when amplification is paired with a fluorescent output. 
However, while isothermal amplification methods require a constant 
temperature (Recombinase polymerase amplification, for example, 
operates best between 37 and 42 ◦C), PCR requires isothermal cycling – 
a feature not offered by the Fold-Illuminator [30]. For this reason, the 
Fold-Illuminator is well-suited for pathogen detection methods that 
utilize isothermal amplification paired with a fluorescent output. This 
application is especially pertinent to global health efforts due to recently 
developed isothermal amplification detection methods of SARS-CoV-2 
[31,32]. 

6. Conclusion 

Here, we reported the development of an incubator-illuminator de
vice, the Fold-Illuminator. The Fold-Illuminator, when assembled, is a 
4.5 × 4 × 1-inch paper-based structure composed of an LED-strip for 
detection of fluorescence, a light filtering screen for suppression of 
background fluorescence, and an optional USB heater capable of pro
ducing a temperature of ~41 ◦C. The entire design can then be dis
assembled back into its original components, offering a high level of 
portability. At a cost of $5.58, with an optional heating element for an 
additional $3.98, the Fold-Illuminator offers an affordable device that 
nearly any user can gain access to. 

The Fold-Illuminator is aimed at providing a tool for the incubation 
of biochemical reactions and detection of fluorescent reporters, sup
porting applications ranging from education to point-of-care di
agnostics. The design provides the user with an easy to assemble, 
inexpensive, customizable, portable, durable, and recyclable device best 
suited for education and field-based applications of molecular and 
synthetic biology. The Fold-Illuminator supports hands-on STEM-based 
learning in classrooms around the world, and also supports diagnostics 
applications globally. With increased access to fluorescence visualiza
tion and relative quantification, new users and emerging field applica
tions will be able to incorporate fluorescent reporters into their own 
education and research needs. 

Fig. 3. The optional USB heater provides incubation capabilities, offering a 
possible temperature range of 35–45 ◦C. The USB heater is compatible with any 
USB-accepting power sources including laptops, power banks, and outlets. 
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6.1. Safety considerations and standards 

The Illuminator contains an optional heating element composed of 
electrical wiring, and a 9 V battery to power the LEDs. The USB heater is 
capable of producing temperatures of approximately 41 ◦C, resulting in 
the unlikely possibility for small burns or electrical shocks. Additional 
operational safety information can be found in Supplementary Material 
5. 

Ethics approval 

This article does not contain any studies with human participants or 
experimental animals performed by any of the authors. 

Funding 

This work was supported by the Baker-Koob Endowment, Bill and 
Linda Frost Fund, Center for Applications in Biotechnology’s Chevron 
Biotechnology Applied Research Endowment Grant, and the National 
Science Foundation (NSF-1708919). 

CRediT authorship contribution statement 

Logan R. Burrington: Writing – original draft, Visualization, Data 
curation. Emran Baryal: Software, Investigation, Resources, Data 
curation, Writing – review & editing, Funding acquisition. Katherine 
Hui: Software, Investigation, Resources, Data curation, Writing – review 
& editing, Funding acquisition. Emmett Lambert: Software, Investiga
tion, Resources, Data curation, Writing – review & editing, Funding 
acquisition. Sarah T. Harding: Methodology, Supervision, Project 
administration, Funding acquisition. Javin P. Oza: Conceptualization, 
Supervision, Project administration, Funding acquisition. 

Declaration of competing interest 

The authors declare that they have no conflicts of interest. 

Acknowledgements 

We thank Dr. Jay Singh for insights into packaging and design. We 
thank our colleagues for beta-testing the Fold-Illuminator: Nicole Gre
gorio, Alissa Mullin, Jillian Kasman, Philip Smith, Byungcheol So, 
Elizabeth Vojvoda, and Layne Williams. We thank the reviewers for their 
helpful insights. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.synbio.2021.04.003. 

References 

[1] Ma D, Shen L, Wu K, Diehnelt CW, Green AA. Low-cost detection of norovirus using 
paper-based cell-free systems and synbody-based viral enrichment. Synth Biol 
2018;3(1). https://doi.org/10.1093/synbio/ysy018. 

[2] Pardee K, Green AA, Takahashi MK, Braff D, Lambert G, Lee JW, Ferrante T, Ma D, 
Donghia N, Fan M, Daringer NM, Bosch I, Dudley DM, O’Connor DH, Gehrke L, 
Collins JJ. Rapid, low-cost detection of zika virus using programmable 
biomolecular components. Cell 2016;165(5):1255–66. https://doi.org/10.1016/j. 
cell.2016.04.059. 

[3] Hoang Trung Chau T, Hoang Anh Mai D, Ngoc Pham D, Thi Quynh Le H, Yeol 
Lee E. Developments of riboswitches and toehold switches for molecular 
detection—biosensing and molecular diagnostics. Int J Mol Sci 2020;21(9):3192. 
https://doi.org/10.3390/ijms21093192. 

[4] Stark JC, Jaroentomeechai T, Moeller TD, Dubner RS, Hsu KJ, Stevenson TC, 
DeLisa MP, Jewett MC. On-demand, cell-free biomanufacturing of conjugate 
vaccines at the point-of-care. In: bioRxiv (p. 681841). bioRxiv; 2019. https://doi. 
org/10.1101/681841. 

[5] Williams LC, Gregorio NE, So B, Kao WY, Kiste AL, Patel PA, Watts KR, Oza JP. The 
genetic code kit: an open-source cell-free platform for biochemical and 

biotechnology education. Front Bioeng Biotechnol 2020;8:941. https://doi.org/ 
10.3389/fbioe.2020.00941. 

[6] Wang L, Frei MS, Salim A, Johnsson K. Small-molecule fluorescent probes for live- 
cell super-resolution microscopy. 2018. https://doi.org/10.1021/jacs.8b11134. 

[7] Landrain T, Meyer M, Perez AM, Sussan R. Do-it-yourself biology: challenges and 
promises for an open science and technology movement. Syst Synth Biol 2013;7(3): 
115–26. https://doi.org/10.1007/s11693-013-9116-4. 

[8] Jung JK, Alam KK, Verosloff MS, Capdevila DA, Desmau M, Clauer PR, Lee JW, 
Nguyen PQ, Pastén PA, Matiasek SJ, Gaillard JF, Giedroc DP, Collins JJ, Lucks JB. 
Cell-free biosensors for rapid detection of water contaminants. Nat Biotechnol 
2020;38(12). https://doi.org/10.1038/s41587-020-0571-7. 

[9] Stark JC, Huang A, Nguyen PQ, Dubner RS, Hsu KJ, Ferrante TC, Anderson M, 
Kanapskyte A, Mucha Q, Packett JS, Patel P, Patel R, Qaq D, Zondor T, Burke J, 
Martinez T, Miller-Berry A, Puppala A, Reichert K, Jewett MC. BioBitsTM Bright: a 
fluorescent synthetic biology education kit. Sci Adv 2018;4(8):33. https://doi.org/ 
10.1126/sciadv.aat5107. 

[10] Johnson Steven. Where good ideas come from: the natural History of innovation. 1st 
riverhead trade pbk. New York: Riverhead Books; 2011. 

[11] Tran K, Gibson A, Wong D, Tilahun D, Selock N, Good T, Ram G, Tolosa L, 
Tolosa M, Kostov Y, Woo HC, Frizzell M, Fulda V, Gopinath R, Prasad JS, 
Sudarshan H, Venkatesan A, Kumar VS, Shylaja N, Rao G. Designing a low-cost 
multifunctional infant incubator. J Lab Autom 2014;19(3):332–7. https://doi.org/ 
10.1177/2211068214530391. 

[12] Drack M, Hartmann F, Bauer S, Kaltenbrunner M. The importance of open and 
frugal labware. Nat Electron 2018;1(9):484–6. https://doi.org/10.1038/s41928- 
018-0133-x. Nature Publishing Group. 

[13] Kremer M, Brannen C, Glennerster R. The challenge of education and learning in 
the developing world. Science 2013;340(6130):297–300. https://doi.org/ 
10.1126/science.1235350. American Association for the Advancement of Science. 

[14] Cybulski JS, Clements J, Prakash M. Foldscope: origami-based paper microscope. 
PloS One 2014;9(6):e98781. https://doi.org/10.1371/journal.pone.0098781. 

[15] Hoover AM, Fearing RS. Fast scale prototyping for folded millirobots. 2008. 
[16] Sreetharan PS, Whitney JP, Strauss MD, Wood RJ. Monolithic fabrication of 

millimeter-scale machines. J Micromech Microeng 2012;22(5):055027. https:// 
doi.org/10.1088/0960-1317/22/5/055027. 

[17] Bhamla MS, Benson B, Chai C, Katsikis G, Johri A, Prakash M. Hand-powered 
ultralow-cost paper centrifuge. Nat Biomed Eng 2017;1(1). https://doi.org/ 
10.1038/s41551-016-0009. 

[18] Fischer Scientific. BioTek cytation 5 cell imaging multi-mode reader.” Fisher 
scientific, part of thermo Fisher scientific. Fisher Scientific; 2019. https://www.fish 
ersci.com/shop/products/biotek-cytation-5-cell-imaging-multi-mode-reader/ 
p-4917895. 

[19] Schindelin J, Rueden CT, Hiner MC, Eliceiri KW. The ImageJ ecosystem: an open 
platform for biomedical image analysis. Molecular reproduction and development, 
vol. 82; 2015. p. 518–29. https://doi.org/10.1002/mrd.22489. John Wiley and 
Sons Inc. 

[20] Nilapwar SM, Nardelli M, Westerhoff HV, Verma M. Absorption spectroscopy. 
Methods in enzymology, vol. 500. Academic Press; 2011. p. 59–75. 

[21] Mahmood T, Yang PC. Western blot: technique, theory, and trouble shooting. N Am 
J Med Sci 2012;4(9):429–34. https://doi.org/10.4103/1947-2714.100998. 

[22] Transilluminators.com. “accuris E3000 UV transilluminator.” Transilluminators. 
com. 2018. https://www.transilluminators.com/collections/transillu 
minators/products/uv-transilluminator- accuris-e3000-uv-transilluminator. 

[23] Kaur T, Dahiya S, Satija SH, Nawal SJ, Kshetrimayum N, Ningthoujam J, 
Chahal AK, Rao A. Foldscope as a primary diagnostic tool for oral and urinary tract 
infections and its effectiveness in oral health education. J Microsc 2020;279(1): 
39–51. https://doi.org/10.1111/jmi.12896. 

[24] Katzmeier F, Aufinger L, Dupin A, Quintero J, Lenz M, Bauer L, Klumpe S, 
Sherpa D, Dürr B, Honemann M, Styazhkin I, Simmel FC, Heymann M. A low-cost 
fluorescence reader for in vitro transcription and nucleic acid detection with 
Cas13a. PloS One 2019;14(12):e0220091. https://doi.org/10.1371/journal. 
pone.0220091. 

[25] Takahashi MK, Tan X, Dy AJ, et al. A low-cost paper-based synthetic biology 
platform for analyzing gut microbiota and host biomarkers. Nat Commun 2018;9: 
3347. https://doi.org/10.1038/s41467-018-05864-4. 

[26] Reboud J, Xu G, Garrett A, Adriko M, Yang Z, Tukahebwa EM, Rowell C, 
Cooper JM. Paper-based microfluidics for DNA diagnostics of malaria in low 
resource underserved rural communities. Proc Natl Acad Sci U S A 2019;116(11): 
4834–42. https://doi.org/10.1073/pnas.1812296116. 

[27] Olshefsky A, Shehata L, Kuldell N. Site-directed mutagenesis to improve sensitivity 
of a synthetic two-component signaling system. PloS One 2016;11(1). https://doi. 
org/10.1371/journal.pone.0147494. 

[28] Stark JC, Huang A, Hsu KJ, Dubner RS, Forbrook J, Marshalla S, Jewett MC. BioBits 
health: classroom Activities exploring engineering, biology, and human health with 
fluorescent readouts. ACS Synth Biol 2019;8(5):1001–9. https://doi.org/10.1021/ 
acssynbio.8b00381. 

[29] Nurachman Z, Hermawan J, Rachmayanti Y, Baradja L. A simple way to visualize 
fibrinolysis in the classroom. Biochem Mol Biol Educ 2003;31(1):16–9. https://doi. 
org/10.1002/bmb.2003.494031010157. 

[30] Wu H, Zhao P, Yang X, Li J, Zhang J, Zhang X, Zeng Z, Dong J, Gao S, Lu C. 
A recombinase polymerase amplification and lateral flow strip combined method 
that detects Salmonella enterica serotype typhimurium with No worry of primer- 
dependent artifacts. Frontiers in microbiology, vol. 11; 2020. p. 1015. https 
://www.frontiersin.org/article/10.3389/fmicb.2020.01015. 

[31] Ganguli A, Mostafa A, Berger J, Aydin MY, Sun F, Ramirez S A S de, Valera E, 
Cunningham BT, King WP, Bashir R. Rapid isothermal amplification and portable 

L.R. Burrington et al.                                                                                                                                                                                                                           

https://doi.org/10.1016/j.synbio.2021.04.003
https://doi.org/10.1016/j.synbio.2021.04.003
https://doi.org/10.1093/synbio/ysy018
https://doi.org/10.1016/j.cell.2016.04.059
https://doi.org/10.1016/j.cell.2016.04.059
https://doi.org/10.3390/ijms21093192
https://doi.org/10.1101/681841
https://doi.org/10.1101/681841
https://doi.org/10.3389/fbioe.2020.00941
https://doi.org/10.3389/fbioe.2020.00941
https://doi.org/10.1021/jacs.8b11134
https://doi.org/10.1007/s11693-013-9116-4
https://doi.org/10.1038/s41587-020-0571-7
https://doi.org/10.1126/sciadv.aat5107
https://doi.org/10.1126/sciadv.aat5107
http://refhub.elsevier.com/S2405-805X(21)00021-1/sref10
http://refhub.elsevier.com/S2405-805X(21)00021-1/sref10
https://doi.org/10.1177/2211068214530391
https://doi.org/10.1177/2211068214530391
https://doi.org/10.1038/s41928-018-0133-x
https://doi.org/10.1038/s41928-018-0133-x
https://doi.org/10.1126/science.1235350
https://doi.org/10.1126/science.1235350
https://doi.org/10.1371/journal.pone.0098781
http://refhub.elsevier.com/S2405-805X(21)00021-1/sref15
https://doi.org/10.1088/0960-1317/22/5/055027
https://doi.org/10.1088/0960-1317/22/5/055027
https://doi.org/10.1038/s41551-016-0009
https://doi.org/10.1038/s41551-016-0009
https://www.fishersci.com/shop/products/biotek-cytation-5-cell-imaging-multi-mode-reader/p-4917895
https://www.fishersci.com/shop/products/biotek-cytation-5-cell-imaging-multi-mode-reader/p-4917895
https://www.fishersci.com/shop/products/biotek-cytation-5-cell-imaging-multi-mode-reader/p-4917895
https://doi.org/10.1002/mrd.22489
http://refhub.elsevier.com/S2405-805X(21)00021-1/sref20
http://refhub.elsevier.com/S2405-805X(21)00021-1/sref20
https://doi.org/10.4103/1947-2714.100998
https://www.transilluminators.com/collections/transilluminators/products/uv-transilluminator-%20accuris-e3000-uv-transilluminator
https://www.transilluminators.com/collections/transilluminators/products/uv-transilluminator-%20accuris-e3000-uv-transilluminator
https://doi.org/10.1111/jmi.12896
https://doi.org/10.1371/journal.pone.0220091
https://doi.org/10.1371/journal.pone.0220091
https://doi.org/10.1038/s41467-018-05864-4
https://doi.org/10.1073/pnas.1812296116
https://doi.org/10.1371/journal.pone.0147494
https://doi.org/10.1371/journal.pone.0147494
https://doi.org/10.1021/acssynbio.8b00381
https://doi.org/10.1021/acssynbio.8b00381
https://doi.org/10.1002/bmb.2003.494031010157
https://doi.org/10.1002/bmb.2003.494031010157
https://www.frontiersin.org/article/10.3389/fmicb.2020.01015
https://www.frontiersin.org/article/10.3389/fmicb.2020.01015


Synthetic and Systems Biotechnology 6 (2021) 95–101

101

detection system for SARS-CoV-2. Proc Natl Acad Sci Unit States Am 2020;117(37): 
22727. https://doi.org/10.1073/pnas.2014739117. LP – 22735. 

[32] Broughton JP, Deng X, Yu G, Fasching CL, Servellita V, Singh J, Miao X, 
Streithorst JA, Granados A, Sotomayor-Gonzalez A, Zorn K, Gopez A, Hsu E, Gu W, 
Miller S, Pan CY, Guevara H, Wadford DA, Chen JS, Chiu CY. CRISPR–Cas12-based 
detection of SARS-CoV-2. Nat Biotechnol 2020;38(7):870–4. https://doi.org/ 
10.1038/s41587-020-0513-4. 

[33] MiniPCR. MiniPCR molecular fluorescent viewer. MiniPCR: ” MiniPCR; 2017. 
https://www.minipcr.com/product/p51-molecular-glow-lab/. 

[34] Thomas Scientific. Handheld UV lamp. ” Thomas Scientific - Laboratory Supplies, 
Laboratory Equipment, Laboratory Chemicals, and Laboratory Safety, Thomas 
Scientific; 2019. https://www.thomassci.com/Equipment/Lamps/_/Handh 
eld-UV-Lamp?q=Uv Lamp Handheld. 

L.R. Burrington et al.                                                                                                                                                                                                                           

https://doi.org/10.1073/pnas.2014739117
https://doi.org/10.1038/s41587-020-0513-4
https://doi.org/10.1038/s41587-020-0513-4
https://www.minipcr.com/product/p51-molecular-glow-lab/
https://www.thomassci.com/Equipment/Lamps/_/Handheld-UV-Lamp?q=Uv%20Lamp%20Handheld
https://www.thomassci.com/Equipment/Lamps/_/Handheld-UV-Lamp?q=Uv%20Lamp%20Handheld

	The Fold-Illuminator: A low-cost, portable, and disposable incubator-illuminator device
	1 Introduction
	1.1 Current transilluminators, diagnostic devices, and portability innovations

	2 Design and construction
	2.1 Assembly
	2.2 Cost

	3 Detection
	3.1 LEDs
	3.2 Light filtering screen
	3.3 ImageJ software

	4 Additional components
	4.1 USB heater
	4.2 Recyclability and durability

	5 Applications of the illuminator
	6 Conclusion
	6.1 Safety considerations and standards

	Ethics approval
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


