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Abstract

Super-resolution fluorescence microscopy revolutionized optical microscopy by breaking the
theoretical resolution limit and thus providing an unprecedented view of biological structure in
exquisite detail. Additionally, the relative ease of use and implementation for some super-
resolution microscopes provided hope that this technology would be widely available and
accessible. Despite initial excitement, super-resolution microscopy is still largely limited to
facilities that can afford expensive commercial instruments or with personnel experienced in
optical engineering that can construct an instrument. Recently, the open scientific hardware
movement has attempted to make scientific instrumentation more widely available and accessible
in a similar way to the open software movement. The widespread availability and affordability of
prototyping devices, such as three-dimensional printers and interfaces (e.g., Arduino) have all
contributed to unlocking the potential of the open hardware movement, turning expensive “black
box” hardware into open-source, affordable, and robust instrumentation. Many others have
recognized the potential of describing low-cost implementations of super-resolution microscope
designs. However, we have found these microscope designs lacking in the documentation and
details required to meet the requirements of open-source hardware. In this paper, we attempt to
provide the documentation, details, and instructions necessary for the construction of an open-
source and low-cost super-resolution microscope at a targeted cost of <§15,000.
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Introduction

Microscopes have been a main tool for uncovering cellular structure and function for
centuries. The resolution of light microscopes was thought to be theoretically limited to
approximately one-half the wavelength of emitted light (e.g., resolution limit of ~250 nm for 500
nm wavelength light). However, multiple super-resolution microscopy methods have been
developed that “break” the theoretical resolution limit and can achieve resolutions on the tens of
nanometers scale in three dimensions[1-6]. These super-resolution fluorescence microscopes have
revolutionized optical microscopy by providing an exquisitely detailed view of biological
structure. Additionally, the relative ease of use and implementation for early super-resolution
microscopes provided hope that this technology would be widely available, accessible, and
relatively inexpensive. Despite this early promise, super-resolution microscopy is still largely
limited to facilities that can afford expensive commercial instruments or with personnel
experienced in optical engineering that can construct an instrument.

Recently, the open scientific hardware movement has sought to make scientific
instrumentation more widely available and accessible in a similar way to the open software
movement. The increasing availability and affordability of prototyping devices, such as three-
dimensional printers and microcontrollers (e.g., Arduino) have helped the open hardware
movement turn expensive “black box” hardware into open-source, affordable, and robust
instrumentation[7—14]. This has begun to feed back into super-resolution microscopy and several
researchers have described low-cost versions of super-resolution microscope designs[15-17].
However, we found these microscope designs lacking in the documentation and details required
to meet open-source hardware standards[18]. In this paper, we attempt to provide the
documentation, details, and instructions necessary for the construction of an open-source and low-
cost super-resolution microscope.

The first consideration when building a super-resolution microscope is to determine which
“method” is most suitable. New super-resolution methods are being rapidly developed and any list
would soon be out of date. However, three methods for super-resolution microscopy that are
currently the most popular and are commercially available include: (1) structured illumination
microscopy (SIM), (2) STED (stimulated emission depletion) microscopy, and (3) single-molecule
localization microscopy (SMLM). We will provide a brief overview of these various techniques
and methods as it relates to our choice of the system developed, however, we refer the reader to
the original articles and the many good reviews for a more in-depth discussion[1,19-35]. In
particular, we recommend the review by Schermelleh et al. who provides a review that assists
biologists in choosing the super-resolution method best-suited to their research question[35].

SIM is a combination of optical and image processing methods that can increase resolution
approximately two-fold. This is accomplished by using striped patterns that produce Moir¢ fringes
when interacting with features within the sample. Information is then decoded to reconstruct an
image with increased resolution. Commercial systems exist that can be placed “on-top” of existing
confocal systems, but there are several reasons why we did not choose a SIM microscope to
construct. First, SIM relies on a sensitive (i.e., scientific grade camera), which increases the total
system cost substantially. Secondly, the optical components for SIM require precise alignment and
calibration, which if not performed properly, can result in reconstruction artifacts. Lastly, the
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resolution is only approximately two-fold. Still, SIM may be a good solution for many researchers,
and we refer those interested to the following reference[36].

A second super-resolution technique is STED (stimulated emission depletion), where the
shape of the PSF is engineered to smaller physical dimensions to produce higher resolution. This
approach uses directed laser beams to achieve sub-diffraction limit resolutions (30-80 nm). STED
requires simultaneous illumination of the sample with the confocal excitation beam overlaid by a
depletion laser beam with a local intensity minimum in the focal center. This creates a “donut”
shape where the size of the donut hole roughly corresponds to the resolution. Commercial add-ons
are available that will allow one to simply perform STED on an existing confocal set-up. However,
the optical components and lasers required to construct a STED system are complex and expensive,
thus making a low-cost implementation more difficult.

Single-molecule localization microscopy (SMLM), includes PALM (photoactivated
localization microscopy) and STORM (stochastic optical reconstruction microscopy). Sometimes
referred to as “pointillist” approaches, these methods rely on the stochastic switching of individual
fluorophores. The photons from a sparse subset of spatiotemporally separated fluorophores are
collected and each molecule can then be localized with great precision. These methods are
dependent on the properties of the fluorophores (i.e., fluorescent proteins, dyes), therefore, these
methods require the least sophisticated microscope set-up of all super-resolution approaches and
can be performed on a basic wide-field microscope. A drawback is that the sample must be
prepared in a compatible way, such as using specific fluorescent proteins, dyes, and buffers.
Overall, we have found that sample preparation can be simplified using standard dyes in a simple
buffer system as first described by Olivier et al. and used for our results here[37]. If one is hardware
limited then this approach becomes attractive on an ease-of-use and cost-effective basis. Thus, we
describe here a microscope construction design that allows one to perform SMLM using a
comparably simple design.

Implementation

The overall design was based on the cost-efficient blueprint for localization microscopy
created by Holm and colleagues[15], including an optical-cage system (Figure 1). Open optical-
cage systems may be intimidating to those inexperienced in optical system construction, however,
we found these to be no more difficult than putting together IKEA furniture and we wrote step-by-
step assembly instructions with detailed component lists (available in the DocuBricks
repository[38]). While custom parts were an inevitability, they were designed in such a way that
standard 3-D printing or low-complexity machining is sufficient. Wherever possible, hardware
was chosen to be a standard manufactured component from a large-scale retailer. Many of the
solutions presented here are simply “what worked for us at the time” and not necessarily the
optimal or perfect solution. In such cases, we will attempt to point out alternatives. As
implemented, the estimated cost of all components is <$15,000, not including costs associated
with personnel time.

For construction of the optical-cage, we refer the reader to the step-by-step instructions
provided in the accompanying Docubricks[38]. We attempted to purchase most of the materials
from Thorlabs (www.thorlabs.com), which we generally found to have the lowest-cost and widest-
selection of needed materials for the optical cage. All materials, including 3D printed and
machined parts, are detailed and provided in Docubricks[38]. In the following sections, we discuss
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some of the major components (laser unit, camera, software, autofocus) and considerations and
alternatives for each.

One major component that differentiates a super-resolution system from a more basic
widefield microscope is the need for a high intensity light source (i.e., laser). Although some have
reported using a Mercury Arc lamp for photoactivation and imaging[39], in general, a laser is
going to be a better (i.e., faster) solution. Holm et al. made the innovative choice of using an
entertainment grade laser[15]. Entertainment grade lasers can offer high-output at a lower cost
compared to industrial or scientific grade lasers. Typically, different laser units would be used for
each wavelength, but entertainment lasers have multiple lasers in a single unit. This may be an
advantage or a disadvantage; an advantage because there are three laser lines for the price of one
but a disadvantage because it is not easy to quickly switch between laser lines. The entertainment
laser provides ~300 mW for red (637 nm) and green (532 nm) laser lines and 700 mW for the blue
(445 nm) laser line. The red wavelength of 637 nm is ideal for the dye Alexa Fluor 647, which is
considered the best dye available for direct Stochastic Optical Reconstruction Microscopy
(dASTORM)[40]. The red laser is the ideal choice for single color applications and is the only laser
we imaged with here. The green laser wavelength is 532 nm, which is not optimal for the excitation
of many commonly used dyes and photo-activatable fluorescent proteins (PA-FP). However, the
popular PA-FP mEos has an excitation shoulder at 532 nm and photoconverts at 532 nm as well,
making the localization of mEos tagged proteins possible with this laser system as demonstrated
by Holm et al.[15]. Another fluorescent dye that could be used in this setup is cy3B, which also
has a shoulder at ~532 nm, and thus could be imaged with our setup[41]. Also, several blue dyes
(Atto 488) and fluorescent proteins (PA-GFP) could be excited using the 455 nm laser, though this
remains untested in our system. Photoactivation of PA-FPs is typically done using simultaneous
illumination with a 405 nm laser. This microscope does not currently allow for simultaneous laser
illumination; however, a separate 405 nm laser could be added. One can purchase lower-cost laser
units, especially previously used and industrial-grade units, as an alternative to the entertainment
laser unit used here.

An area that is not typically discussed in publications on low-cost microscope construction
is laser control. Scientific and industrial grade lasers may come with software supplied by the
manufacturer. However, because we opted for a lower-cost entertainment-grade laser, we had to
construct a circuit board to interface with the International Laser Display Association (ILDA) laser
control standard. Although we initially used a breadboard for prototyping, a circuit board could be
printed at minimal cost (schematics are available in Docubricks file[38]). We then wrote a laser
control plugin for the microscope management software (plugin available on GitHub[42]). The
result was a high-powered, lower-cost illumination source that was easily controllable.

Another critical component of an SMLM microscope is the camera. The ability to use a
camera versus a detector for SMLM makes microscope construction easier compared to the other
super-resolution based approaches that rely on point-scanning (e.g, STED). A high quantum
efficiency (number of photoelectrons generated per incident photon) is required to maximize the
number of photons detected since localization precision is dependent on the inverse square root of

Aloc r ——=
the number of collected photons ( \/ﬁ ; where Aloc is the localization precision, A is the
FWHM of the PSF and N is the number of collected photons)[43]. Therefore, obtaining the highest
resolution requires an electron multiplier charged-coupled device (EMCCD) camera. High-
performance EMCCD cameras have a quantum efficiency >90%, while standard CCD cameras
typically have a quantum efficiency around 40-50%. However, the quantum efficiency of
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inexpensive CCD cameras continues to improve, and many have a quantum efficiency >75% in
portions of the visible spectrum. For our system, we chose the Retiga R3 from Q imaging. The
Retiga R3 features a quantum efficiency of 75% at 600 nm and a pixel size of 4.54 um x 4.54 um
at a cost of $5,463. The cost of the camera accounts for nearly a third the cost of the entire system,
however, this is still a sizable savings compared to an EMCCD camera with a cost of >$30,000.
Another solution for the reader to consider is the CMOS camera used by Ma et al.[16]. The CMOS
camera sensor is a lower cost (<$500) solution that could be adapted to our setup and should be
considered for any low-cost system. We had already purchased our camera when we became aware
of the CMOS camera solution and our camera came with acquisition software. As camera
technology continues to improve with costs decreasing relative to quality, many good options will
arise for implementation in SMLM.

Algorithmically reconstructing an SMLM image requires acquisition of tens of thousands
of camera frames resulting in lengthy acquisition times (30 minutes to 1 hour). In our initial testing,
we found that the microscope was only capable of staying in focus for ~5-10 minutes. Maintaining
a sample in focus for longer periods of time (tens of minutes to an hour) is often difficult even on
systems that are mechanically stable. Mechanical and thermal fluctuations and instability all
contribute to focus drifts and even the opening of a room door or air movement within the room
can result in substantial drift. While one could continuously observe the image and adjust focus
manually, this quickly becomes untenable. Therefore, it became necessary to find a solution for
keeping the region of interest in focus over the time scales required for SMLM acquisition.

Many strategies for autofocusing have been developed but can be broadly categorized as
software focusing algorithms such as[44-46] or optical approaches such as[47,48]. For both
categories, movement of the stage or objective must occur to correct for drift during image
acquisition. Commonly, such movement is done using a piezoelectric stage or objective actuator.
Movement generated by piezoelectric materials is often ideal as it allows for very small
movements. However, when considering our options, piezoelectric hardware was beyond our
limited funds. Therefore, we designed an autofocus system using a low-cost motor (~$500) that
drives objective movement. Focus is detected using markers (e.g., gold nanoparticles). Initial focus
is set by the user and software was written to refocus through movement of the objective using the
markers to gauge whether focus is achieved.

The open-source microscope control software Micromanager (uManager) was used to
provide control of the laser, camera, and autofocus motor[49]. Camera control was straightforward
as the Retiga R3 is pManager compatible and many controls are included in the puManager
software. For laser and autofocus control using ptManager, several plugins were written (available
on GitHub[42]). A Microsoft Windows-based desktop computer running Windows 7 with a 3.4
GHz Intel Xeon processor, 32 GB RAM, and 1 TB hard drive was used to run the hardware, for
image acquisition, and data processing.

The output from the acquisition is a series of Tiff files. Software was written to initially
correct for drift. To process the images (localize single molecules), a variety of software solutions
are available and reviewed at http://bigwww.epfl.ch/smlm/software/[50,51]. Our currently
preferred software solution is Thunderstorm, which exists as an ImageJ plugin[52].
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Safety

The illumination source is a high-powered entertainment laser and all appropriate laser
safety precautions should be taken, including the use of laser safety glasses and beam blocks. We
used a beam block that extends out from the laser aperture and a laser safety box should be used
during setup and operation to block errant beams. Alignment of the laser poses the greatest risk
of laser exposure and appropriate laser safety glasses are recommended. To align the laser, we
found that an inexpensive camera (e.g., webcam) can be installed to help guide alignment. During
illumination of the sample, the high-powered laser beam exits the objective and projects through
the sample and onto the ceiling. An enclosure can be built above and around the stage to prevent
errant beams from reflective surfaces. We recommend the purchase of commercially available
optical enclosures.

While the laser is the most obvious source of danger, working with electronics and
electronic components poses the risk of electrical shock. Standard electrical safety procedures
should be followed if the power-supply box is constructed.

Calibration

There are many software solutions available for SMLM processing data and providing a
measure of resolution or localization precision (http://bigwww.epfl.ch/smlm/software/)[50]. We
prefer the straightforward measurement of “Full Width at Half Maximum (FWHM).” Resolution
in SMLM is dependent on the density of fluorescent labels and the structure of the sample, thus
we recommend testing the microscope on a sample of known size (e.g., beads, cytoskeletal
elements). Others have documented ways to determine resolution and image quality in SMLM
including[53] and[54].

General testing

Super-resolution fluorescence microscopes are primarily intended for the localization of
fluorescent dyes or proteins in biological samples. However, other samples can be imaged
provided that the spectral properties meet the requirements (i.e., appropriate wavelength, ability to
photo-activate or photo-switch). For this set-up, we recommend Alexa Fluor 647 labeled samples
imaged using dASTORM. dSTORM requires special buffers, however, Vectashield mounting
medium is a simple and effective solution[37].

A sample that can be used for general microscope testing is pre-mounted fluorescent beads
(e.g. TetraSpeck; ThermoFisher #17279) that come in a variety of sizes and excitation wavelengths
allowing the user to test alignment, focus, and overall microscope function. For testing of the
autofocus system proposed here, the use of gold fiducial nanoparticles is recommended. The
nanoparticles can be mounted on a glass coverslip or chambered coverslip. It is important that the
appropriate size of nanoparticle is selected for the wavelength tested.

Testing the super-resolution capabilities of the microscope can be done using generic cells
that are labeled with commercially available dyes. We recommend using phalloidin conjugated to
Alexa Fluor 647 (see Application), which binds strongly to actin filaments. Many protocols for
actin labeling with phalloidin are available, including the one described here. Because of the thin
filamentous nature of cytoskeletal components, they are ideal test cases to gauge system resolution.
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Application
Use case(s)

For testing purposes, we imaged the cytoskeletal elements actin and tubulin in Vero cells
(Cercopithecus aethiops kidney epithelial cells; ATCC CCL-81). Vero cells are a convenient cell
culture system because they are flat and adherent.

Fiducial markers must be deposited on the glass surface for drift correction and autofocus.
We used 8-well chambered coverslips (Lab-Tek II Chambered Coverglass #1.5 borosilicate,
Thermo Fisher Sci. #155409) because cells can be plated and grown in them and the chamber
allows for the addition of a buffer during imaging. To add gold fiducials to the coverslip, 200 ul
of a 0.01% poly-L-lysine solution (Millipore-Sigma #P4832) was added to each well and allowed
to incubate at room temperature for 10 minutes. After the incubation, the poly-L-lysine solution
was aspirated from the wells. Gold Nanorods 25 nm in diameter and 71 nm in length (Nanopartz
#A12-25-650-25-CTAB-DI) appropriate for 637 nm excitation were diluted in sterile deionized
water. An appropriate dilution (one that provides enough particles for drift correction and
autofocus; typically, 5-8 particles within a field-of-view) should be determined empirically as the
gold particles are a colloid that can settle and clump. In general, a dilution of 1:100 to 1:200 is
appropriate but sometimes a 1:1 dilution was needed to get sufficient markers. We are unable to
determine if a “spot” represents a single nanorod or multiple nanorods, regardless, these function
as a single point. After poly-L-lysine coating, we added 200 ul of diluted nanorods to the coverslip
and incubated for 15 minutes at room temperature. Nanorods were aspirated and the coverslips
were washed once with sterile deionized water before aspiration of all liquid.

Vero cells were added to appropriate wells of the chambered coverglass at 1 x 10* cells per
well in 400 pL of medium. Actin was labeled with an Alexa Fluor 647-phalloidin conjugate
(ThermoFisher #A22287) as previously described[55,56], although a detailed protocol is provided
here as well. After an overnight incubation at 37 °C in 5% CO: to allow the cells to attach and
grow, the cells were fixed and permeabilized for 2 minutes with 0.3% glutaraldehyde with 0.25%
triton X-100 in Cytoskeleton Buffer (CB: 10 mM MES pH 6.1, 150 mM NaCl, 5 mM EDTA, 5
mM glucose, and 5 mM MgCl). A second fixation was performed using 2% glutaraldehyde in
CB for 10 minutes. To reduce autofluorescence caused by aldehydes, the samples were treated
with 0.1% sodium borohydride in 100 mM phosphate buffer for seven minutes followed by three,
10-minute washes, with phosphate buffered saline pH 7.4 (PBS). Samples were blocked with 5%
bovine serum albumin (BSA) in PBS for 30 minutes. The Alexa Flour 647-phalloidin conjugate
was diluted 1:40 in 5% BSA-PBS and incubated with the cells overnight at 4 °C. After the
overnight incubation with the dye, the cells were washed with 0.1% Tween-20 in PBS for 2
minutes followed by a PBS wash for 2 min. The PBS was aspirated and soft-mount Vectashield
(H-1000) was added to the cells for storage and imaging.

An example of the images of labeled actin using this system can be seen in Figure 2. This
image is qualitatively on par with our previous images of actin using more advanced
systems[55,56].

Antibody labeling allows a large number of targets to be imaged with this system. Here
the cytoskeletal element tubulin was labeled using an anti-tubulin primary antibody (Abcam
#ab18251) and a secondary antibody conjugated to Alexa Fluor 647 (ThermoFisher #A-21244).
A similar method of sample preparation was used for tubulin labeling as was done for actin
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labeling. As with actin labeling, the samples were fixed and permeabilized, treated with sodium
borohydride, and washed with PBS. Blocking was done with a solution of 5% BSA and 10%
normal goat serum (NGS) in PBS for 30 minutes at room temperature. The anti-tubulin antibody
was diluted to a concentration of 1 ug/ml in a 5% BSA in PBS solution. Cells were incubated with
the anti-tubulin antibody overnight at 4 °C. After the primary antibody incubation, cells were
washed three times with PBS for 5 min each. Alexa Fluor 647 labeled goat anti-rabbit secondary
antibody was diluted to a concentration of 4 ug/mL in 5% BSA in PBS solution and incubated with
the cells for 1 hour at room temperature protected from light. Following the secondary antibody
incubation, cells were washed three times with PBS for 5 minutes each, one time with 0.1%
Tween-20 in PBS for 2 minutes, and once with PBS for 2 minutes. Vectashield was added to the
chambers for storage and imaging. An example of cells labeled for tubulin in this manner can be
seen in Figure 3.

The autofocus system was robust, allowing acquisitions over 30,000 frames (over an hour
of acquisition time). This was more than sufficient to achieve well-resolved images. Longer
acquisition times are possible, but we are limited by the memory of the computer (30 k frames is
20 GB of data that are stored in the system’s RAM). Sub-diffraction localization was done in
Thunderstorm[52] using sub-pixel localization using radial symmetry[57], which was faster and
sufficient for our processing needs.

Reuse potential and adaptability

Super-resolution images of Alexa Fluor 647 labeled samples using dSTORM were
obtained. However, this system would allow for the imaging of other dyes, and fluorescent
proteins, such as Atto 488 or mEos derivatives, using various SMLM techniques such as PALM
and STORM. Additional laser lines can be added to allow for a greater variety of fluorescent
targets, though this would require modification of the beam path and additional control software.
Micromanager software provides the ability to control additional lasers.

Although the autofocus and drift correction presented here is a robust and low-cost
solution, other autofocus systems could easily be implemented, such as a Perfect Focus System
(Nikon). A fiducial-based z-focusing system using a piezio electric stage was implemented by Ma
et al.[58].

These SMLM techniques are based on wide-field microscopes, thus limiting z-resolution.
However, better z-resolution could be obtained using a total internal reflection (TIRF) objective,
but TIRF imaging is limited to ~< 200 nm above the coverglass, requiring thin samples or targets
near the glass surface. Highly Inclined and Laminated Optical sheet (HiLO) is another method for
improving z-resolution in super-resolution microscopy[59]. 3D SMLM modalities that could be
implemented at a low cost include: astigmatic imaging[2], biplane imaging[60], and double helix
point spread function microscopy[61].

A wide-variety of sophisticated 3D imaging approaches including dual-objective solutions
like iPALM[1], beam sculpting[27], and Tilt3D[25] could also be considered, however at an
increased cost.
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Build Details

Availability of materials and methods

The majority of optical cage components are commercially available through Thorlabs.
We purchased the stage through Owis but equivalents are available on Thorlabs. When purchasing
the stage, one should consider the types of samples that will be imaged. The camera used here
was purchased through QImaging, though many other options for cameras exist. The laser unit
was purchased online through Laserworld. The Olympus objective was purchased through a local
Olympus dealer, but an equivalent objective is available from every major microscope
manufacturer (Nikon, Zeiss). Optical filters were purchased from Edmund Optics. A variety of
other parts were purchased through various commercial vendors, including Oriental Motors. Many
of the other parts can be purchased locally. Although we constructed a laser safety box using
components from a local hardware store, these are also available through Thorlabs, which we
recommend for ease of construction. Several 3D printed parts and machined parts were used.
Detailed assembly instructions with materials are included in the associated DocuBricks[38].

Ease of build

We have provided the build documentation and software to make construction straightforward.
More difficult aspects include the wiring of a breadboard control for the laser unit. However, the
target audience of undergraduate educators or biologists should be able to construct this system
relatively easily.

Operating software and peripherals

The main software used here is Micromanager. Micromanager integrates with the camera
and laser through a custom electrical controller. A device plugin was written in C++ to interface

the electrical controller with micromanager
(https://github.com/HopeCollegeSuperresolutionMicroscope). Additionally, a java plugin was
written to enable fiducial tracking and autofocus behavior

(https://github.com/HopeCollegeSuperresolutionMicroscope). An additional device plugin was
written in C++ to interface a stepper motor and its controller with micromanager in order to
automate focusing.

Micromanager software is available for both Windows and MacOS computers. We used a
computer running Windows 7. Data sets of 10-20 GB are produced during image acquisition and
stored in RAM. Therefore, we recommend a minimum of 32 GB RAM for most applications. A
large (1 TB or more) hard drive for data storage is an obvious benefit as is a multi-core processor.
These specifications are a minimum for most applications and better computer hardware
specifications are desirable.
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Hardware documentation and files location:

Archive for hardware documentation and build files
Name: DocuBricks
Persistent identifier:http://docubricks.com/viewer.jsp?id=7979244493125740544
Licence: CC BY 3.0
Publisher: B.G. Kopek
Date published: 11/09/19
Software code repository
Name: GitHub
Identifier: https://github.com/HopeCollegeSuperresolutionMicroscope
Licence: CC BY 3.0
Date published: 12/10/20

Discussion

The initial introduction of super-resolution fluorescence microscopy was hailed for its
relative low-cost and simplicity. For “less than the price of a new kitchen” someone could build a
super-resolution microscope[62]. In fact, one of the first super-resolution microscopes was built
in an apartment with off-the-shelf parts. However, these technologies were quickly licensed to
companies for commercialization. While commercial systems can provide a user-friendly interface
there is a trade-off in an increased cost, which leaves such systems not available to many
researchers. Commercial fluorescence microscope systems typically cost in the hundreds of
thousands of US dollars while a self-constructed system can be in the thousands to a few tens of
thousands of US dollars. The microscope described here has a cost of ~$15,000 while producing
images with sub-diffraction limit resolution. Overall, this system should provide a good starting
reference for the construction of a low-cost super-resolution fluorescence microscope system. We
believe our low-cost auto-focus system to be a major contribution to the field as other solutions
add significant cost to the system. However other, likely easier, implementations of drift
correction and autofocus could be used if cost allows. Additional laser lines could be added with
minor modification, yet typical super-resolution experiments are a single color and make use of
Alexa Fluor 647. Thus, this system will produce data for these experiments without the cost and
complexity of additional lasers.

In our opinion, an often-overlooked area of need for low-cost microscopy is undergraduate
education. Liberal arts colleges (which are typically primarily undergraduate institutions) in the
USA train a disproportionate number of students who go on to earn doctorate degrees in science
and engineering compared to research universities[63]. However, primarily undergraduate
institutions often lack the user base large enough to warrant acquisition of a commercial super-
resolution system or the funds and expertise to construct a home-built system. Yet science is
becoming more interdisciplinary, requiring researchers to work across traditional disciplines.
Microscopy requires knowledge in engineering, physics, chemistry (e.g., dyes), biology, and
computer science. If educators at primarily undergraduate institutions felt enabled to construct
simple, yet powerful microscopes at a reasonable cost it may open new avenues in interdisciplinary
education. Lastly, many researchers in the developing world lack resources for advanced
microscopy putting themselves and their countries at a severe disadvantage. Providing ways for
these researchers to increase their research productivity at a low cost will aid the democratization
of science.
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As stated previously, the system described here is not meant to be an endpoint, finalized
solution. However, we hope the information provided will make construction and use of super-
resolution fluorescence microscopes easier for anyone who wishes to do so. Open hardware
solutions for scientific instrumentation have the potential to save the scientific community large
amounts of money and aid the democratization of science.
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Figure 1. Overview of microscope. Details are provided in this paper and assembly instructions
can be found in the hardware repository DocuBricks.
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Figure 2. Super-resolution image of actin filaments. (A) Vero cells were labeled with phalloidin
conjugated to Alexa Fluor 647. (B) Magnified view of box in (A). There are multiple fiducials
(dots) in the middle of the image. (C) Another example of a labeled cell.
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Figure 3. Super-resolution image of microtubules. (A) Vero cells were labeled with anti-tubulin
antibodies and secondary antibodies conjugated to Alexa Fluor 647. (B) Magnified view of box in
(A). (C) Line plot showing the FWHM = 93 nm of the line through the microtubule in (B). Many
super-resolution techniques show a FWHM of ~50-60 nm for microtubules[37].
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