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Advances in fluorescent biosensors allow researchers to spatiotemporally monitor a diversity of
biochemical reactions and secondary messengers. However, commercial microscopes for the
specific application of FRET are prohibitively expensive to implement in the undergraduate
classroom, owing primarily to the dynamic range required and need for ratiometric emission
imaging. The purpose of this paper is to provide a workflow to design a low-cost, FRET enabled
microscope, and to equip the reader with sufficient knowledge to compare commercial light
sources, optics, and cameras to modify the device for a specific application. We used this
approach to construct a microscope that was assembled by undergraduate students with no prior
microscopy experience that is suitable for most single-cell CFP-YFP FRET applications. The utility
of this design was demonstrated by measuring small metabolic oscillations using a lactate FRET
sensor expressed in primary mouse pancreatic islets, highlighting the biologically suitable signal-
to-noise ratio and dynamic range of our compact microscope. The instructions in this paper provide
an effective teaching tool for undergraduate educators and students interested in implementing
FRET in a cost-effective manner.



l. Introduction

Fluorescence microscopy is a powerful technique that has revolutionized the field of biology
by providing a relatively non-invasive approach to study cellular dynamics. A large selection of
fluorescent biosensors is currently available that includes epitope tags for synthetic fluorophores
(1-3), dyes (4-6), and genetically-encoded sensors (7-9). Forster Resonance Energy Transfer
(FRET)-based sensors (10-13) are still the most prevalent and diverse, having been leveraged to
measure protein-protein interactions (14-16), small molecules (17-20), enzyme activity (21-24),
signal transduction, motility, and other cellular processes (25—-28). Despite the accessibility of non-
profit plasmid repositories for FRET probes (e.g. Addgene) and the widespread agreement that
STEM training should begin early (29-33), FRET imaging is not yet widely integrated in
undergraduate laboratory curricula, with only a handful of descriptions in educational journals (34—
37).

Il. Scientific and Pedagogical Background

The number of microscopes required for a given classroom scales with the number of
students, putting constraints on the cost per instrument. While several low-cost fluorescence
microscope platforms are available, they are designed for more complex applications such as
super-resolution or 3D imaging (e.g. liteTIRF and OpenSPIM) (38, 39), or are limited by their ability
to measure one emission wavelength (40-42). FRET imaging in live-cell experiments requires two
emission wavelengths for donor and acceptor fluorophores to be captured near simultaneously,
which requires fast emission filter switching or the use of a dichroic mirror and multiple cameras.
Considering the limited dynamic range of most FRET sensors, emission signals must be collected
at a sufficient signal-to-noise ratio (SNR) to detect small-amplitude modulations in each emission
channel. A customized microscope optimized for this application depends on the interplay of all the
hardware components. Although hardware manufacturers provide absolute performance
specifications (e.g. light source power, objective numerical aperture, camera read noise), this
information is divorced from the performance requirements for any given FRET sensor. Guidelines
for matching hardware performance with a specific FRET application would allow for a minimum
purchase without overbuying.

This paper is intended to provide sufficient guidance for undergraduates and their
instructors to optimize and build a FRET microscope from commercial parts. The Results and
Discussion is organized into three major sections (A-C) that describe the design process for
tailoring a microscope to suit a particular application, followed by a fourth section (D) that
demonstrates the assembled microscope. We also present the photon transfer curve (PTC)
method as valuable tool for empirically assessing a camera to ensure performance requirements
for a particular application are met with minimal cost. Finally, we demonstrate the resulting
microscope and show that it can detect cytosolic lactate oscillations in primary mouse islets using
the Laconic FRET reporter (43). Thus, we provide a valuable teaching tool in addition to detailed
instructions for constructing a customizable, cost-effective FRET microscope.

I1l. Methods
Mouse Islet Isolation

All animal studies were approved by the Institutional Animal Care and Use Committees of the
University of Wisconsin-Madison and the William S. Middleton Memorial Veterans
Hospital. C57BI6/J wild-type mice were obtained from The Jackson Laboratory (stock 000664).
Islets were isolated as detailed in (44, 45) with modifications (46). Briefly, mouse pancreas was
inflated through the common bile duct using 3-5 mL of 0.67 mg/mL collagenase (C7657 Sigma)
and 0.2 mg/mL BSA in Hanks Buffered Salt Solution (HBSS) (Invitrogen), excised, and incubated in
a glass of 5 mL of Collagenase/BSA/HBSS solution for 5 min on orbital shaker at 250 rpm. After six
minutes of incubation the digest was agitated for 20 s at 375 rpm every 2 minutes for an additional
18 minutes. The pancreatic digest was washed three times by pelleting at 50g for 2 minutes at 4°C
and washing with 30 mL of ice-cold HBSS/BSA solution. Pellets were resuspended in 1-2 mL of



BSA/HBSS solution by vortexing at medium speed. Islets were hand-picked from acinar tissue in
40 mL of ice cold BSA/HBSS solution.

Cloning and adenoviral delivery

The cDNA for the Laconic FRET biosensor (Addgene 44238) was cloned by Gibson assembly
(New England BioLabs) into a modified pENTR-DS shuttle vector (Invitrogen) containing the rat
insulin promoter (RIP1) and -globin intron (BGI) as in a previous study (21). Clonase Il was used
to prepare the full-length adenovirus in pAD/PL-DEST (Invitrogen), yielding B-cell specific lactate
biosensors (Ad-RIP1-BGl-Laconic-pA). Similarly, the D4ER FRET biosensor (47, 48) was
synthesized using gBlocks (IDT) to generate adenovirus with [-cell specific expression of
endoplasmic reticulum (ER)-targeted Ca*" biosensors (Ad-RIP1-BGI-D4ER-pA). Freshly isolated
islets were immediately infected with 1 pL adenovirus in 2 mL islet media (RMPI1640
supplemented with 10% FBS (v/v), 100 units/mL penicillin, and 100 ug/mL streptomycin;
Invitrogen) for 2 hours at 37°C, then moved to fresh media. Experiments were performed 72 hours
post-isolation to allow for sensor expression.

Confirmation of sensor expression by 2-photon microscopy

Islets were imaged in a #1.5 glass-bottom dishes on a multiphoton laser scanning system based
around a Nikon TE-300 inverted microscope equipped with a 40x/1.15NA water immersion
objective (Nikon) in a standard imaging solution (in mM: 135 NacCl, 4.8 KClI, 5 CaCl,, 1.2 MgCl;, 10
HEPES, 10 glucose; pH 7.35, 305 mOsm). Temperature was maintained at 35°C using a Tokai Hit
incubator. YFP was excited with a Chameleon Ultra laser (Coherent) at 890 nm at a dwell time of 2
ps. A 535/70 bandpass emission filter (Chroma) was used before collection by a Hamamatsu
photomultiplier tube. Images were collected at 512x512 resolution with a 0.5 pm step size at an
optical zoom of 1.5 and dwell time of 2 us.

Widefield ER Ca®* imaging on a research grade microscope

Islets expressing the DAER were imaged in an RC-41LP imaging chamber (Warner Instruments)
on a Nikon Eclipse Ti-E inverted microscope equipped with a Nikon SuperFluor 20x/0.75NA air
objective. The islets were perfused with standard imaging solution (above). The flow rate was set
to 0.3 mL/min, and the temperature was maintained at 33°C using solution and chamber heaters
(Warner Instruments). Excitation light was provided by a SOLA SE Il 365 (Lumencor) set to 10%
output with two inline neutral density filters (Nikon ND4) that further reduced the excitation intensity
by 32-fold. Filters for CFP excitation (ET430/24x), CFP emission (ET470/24m), and YFP emission
(ET535/30m) were used in combination with an ET-ECFP/EYFP/mCherry multi-band filter set
(Chroma 89006) and reported as the YFP/CFP emission ratio (R535/470). Fluorescence emission
was collected with a Hamamatsu ORCA-Flash4.0 V2 Digital CMOS camera every 6 seconds using
50-100 ms exposure times. A single region of interest was used to quantify the average response
of each islet using NIS-Elements (Nikon).

IV. Results and Discussion

In order to optimize the microscope design, it is important to consider which parameters or
hardware components depend on others. Fig. 1a shows the flow of decisions used to optimize the
design that are discussed in the sections below. Generally, the microscope should be designed
around the needs of the application, so we begin by choosing a biosensor. The choice of biosensor
determines the spectra involved and therefore the excitation and emission filters, as well as the
optimal light source. In addition, the dynamic range of the biosensor places demands on the
detection signal-to-noise ratio (SNR) and therefore influences the choice of camera. Note that the
camera sensor size and pixel size — while a driving factor in the optimization of commercial
microscopes — are a secondary concern since magnification can be maodified by the optical design.
Next, CMOS cameras are evaluated to compare sensitivity, SNR, and cost. The choice of sample
or cell type affects the requirements for field of view (FOV), resolution, and working distance.
These parameters determine the optimal objective to use. In the final step, the collector lens is
chosen to efficiently couple the light source to the objective, and the tube lens is chosen to couple
the objective to the camera with optimal magnification. The resulting design of the assembled
microscope is shown in Fig. 1b-d; a list of parts and assembly instructions are provided online in



Supplemental Information. As a demonstration of the assembled microscope, results are presented
using a lactate FRET sensor to observe metabolic oscillations in pancreatic islets.

A. The choice of biosensor governs the choice of filters, LED, and camera

FRET efficiency is a sensitive function of the distance between donor and acceptor
fluorophores as well as the relative orientations of the donor emission dipole and the acceptor
absorption dipole (13). In the simplest implementation of ratiometric CFP-YFP FRET imaging, a
‘sandwich’ biosensor (50), the donor fluorophore CFP and acceptor fluorophore YFP are covalently
linked, and only two images are collected. A determination of the FRET efficiency (reported as the
% energy transfer) is not required in this case, and FRET is reported as the ratio of YFP acceptor
fluorescence at ~535 nm when the donor is excited with ~430 nm light (DA image: donor excitation,
acceptor emission), to the CFP donor fluorescence at ~470 nm when the donor is excited with
~430 nm light (DD image: donor excitation, donor emission). Note, however, that additional
corrections must be made for intermolecular FRET interactions (i.e. when the donor and acceptor
fluorophores are on separate molecules), since FRET efficiency varies with the stoichiometry of
donors to acceptors (51, 52). From a hardware perspective, the most important consequence of
intermolecular FRET is the need to acquire a third image (AA: acceptor excitation, acceptor
emission), which requires an additional light source to directly excite YFP. Since the majority of
FRET biosensors are single-chain intramolecular sensors, we focus here on implementing simple
ratiometric FRET.

i) Filters
Excitation filter

The excitation and emission filters must match the excitation and emission spectra of the
biosensor to maximize efficiency while minimizing cross talk. That is, to detect FRET, the light
source used for excitation of CFP should minimally excite YFP. Fig. 2a shows the transmittance of
a 430 + 12 nm excitation filter (ET430/24x, $325 USD) (spectra available at
https://www.chroma.com/spectra-viewer) superimposed on the fluorescence excitation spectra of
CFP and YFP (available at https://searchlight.semrock.com), a configuration that ensures sufficient
CFP excitation while minimizing YFP excitation.

Emission filters and polychroic mirror

Among the reasons that a low-cost FRET microscope is more expensive than a low-cost
fluorescence microscope is the low quantum yield and photostability of CFP and YFP variants (53—
56) relative to brighter, bleach-resistant organic dyes (e.g. cell permeant JF dyes) (57) that can be
used in combination with genetically-encoded epitope tags (e.g. SNAP-tags or Halotags, $65 USD
from Addgene) (58-60). There are a number of ways to make up for this deficiency, each involving
maximizing the efficiency of light collection. The most cost-effective way to increase light collection
efficiency is to use emission filters for CFP and YFP with >95% transmittance, such as the
ET470/24m and ET535/30m (Chroma, $325 each), and multiple companies offering CFP-YFP
FRET filters will offer a matched polychroic mirror for multiple excitation wavelengths (e.g. for
intermolecular FRET), even though a long-pass dichroic (e.g. Semrock FF458-Di02, $325) would
otherwise suffice for intramolecular FRET. Any stray light from the light source is much brighter
than CFP-YFP and will easily saturate the camera. Thus, an added advantage of using matched
filter sets (e.g. Chroma 89002, $1,300; Semrock FRET-CFP/YFP-C, $1,185) is they ensure that
light passing through the excitation filter is sufficiently blocked by the emission filter. However, any
excitation-emission filter pairing will work provided that the CFP excitation filter and CFP emitter
exhibit an optical density (OD, i.e. light blocking) =3 at their crossover point (Fig. 2b) (OD spectra
are available for each filter are available at https://www.chroma.com/spectra-viewer). It is also
worth noting that a wide variety of superior CFP and YFP variants are available (53-56), and
guidelines exist for optimizing excitation and detection conditions for the most common variants
(61).

ii) Light source

The light source is a critical component of FRET microscopy that must deliver sufficient
optical power at the appropriate wavelength matched to the chosen excitation filter. LEDs are an
attractive option because they emit light in a relatively narrow wavelength range, although an



excitation filter is still required to improve the specificity of donor excitation. Therefore, the best
choice of light source depends on the chosen biosensor as well as the excitation and emission
filters. In addition to these requirements, other considerations include cost, efficiency (minimal light
produced outside the excitation band), and ease of mounting to the microscope.

While narrow band LEDs are more economical, broadband light sources provide more
flexibility and are therefore used in commercial microscopes. For example, white-light LEDs (e.qg.
Sutter TLED, 400-700 nm, $2,035 USD) and solid-state light engines are available that combine
multiple LEDs to create broad-spectrum emission from the UV to near IR (e.g. Lumencor SOLA SE
365, 365-750 nm, $8,500). We chose the Lumencor SOLA for comparison with two lower cost, but
less versatile light sources: an unmounted LED (3W UV Purple 420nm, LED World, $5 USD), and
a mounted LED (M430L4, Thorlabs, $164 USD). An important consideration for using the SOLA SE
365 was reducing the light delivery to avoid photobleaching the YFP-based FRET acceptor (and to
a lesser extent, the donor, as CFP variants are more photostable (53-56)). Our research-grade
Nikon Ti microscope (see Experimental Procedures) utilizes two stacked neutral density filters
(labeled ND4 and ND8) to attenuate the SOLA light output by 32-fold. The SOLA, when set to 10%
output, has a power of 3 mW/nm peak at 430 nm, for a combined attenuation of >99.7%.
Significantly lower power (and lower cost) LED sources without ND filters therefore have the
potential to provide sufficient illumination power.

The spectrum of each light source was assessed using an Ocean Optics USB 4000
spectrometer to collect the illumination delivered to the sample plane without an excitation filter
present (Fig. 2c). Spectra show that both low-cost LEDs delivered efficient illumination in the CFP
band. The unmounted LED was the most affordable option ($5 USD), but also required a separate
current source ($20 USD) and machining a custom mount for proper alignment within the
microscope. By comparison, the Thorlabs LED ($164 USD) was already mounted and threaded for
simple attachment to the microscope, and a matched current source was available (LEDD1B,
Thorlabs, $305 USD). The Thorlabs LED, which did not require attenuation in the final design, was
chosen as more economical than the SOLA, while providing ease of integration and minimizing the
manufacturing required to produce multiple microscopy stations required for an undergraduate
laboratory. However, the unmounted LED is a capable alternative when cost outweighs ease of
fabrication and assembly.

iii) Camera

There are many parameters to consider in choosing a camera for microscopy. Bought off
the shelf, the image size and resolution of a commercial microscope are constrained by the fixed
tube lens, making pixel size and sensor size important properties to consider. However, by having
the flexibility to choose both the objective and tube lens (discussed later), the image parameters
can be matched to a given image sensor allowing prioritization of other camera parameters
including the SNR, bit depth, and dynamic range. In the next section, we will illustrate the
importance of having chosen a biosensor before the camera, by demonstrating how biosensor
measurements can be used to predict the SNR and camera bit-depth required. Subsequently, the
photon transfer method is used to assess camera SNR.

Predicting required SNR and camera bit depth using the dynamic range of the biosensor

The achievable SNR depends on the bit depth and noise characteristics of a given camera,
and varies with signal level (counts or digital numbers, DN). To illustrate the determination of SNR,
we utilized our research grade microscope with a stereotypical FRET biosensor, D4ER, designed
for measuring Ca*" in the endoplasmic reticulum (ER) compartment ([Ca®]er) (47, 48) (Fig. 3a).
Adenovirus was used to express D4ER selectively in B-cells of intact mouse pancreatic islets using
the insulin promoter. Expression of DAER was confirmed by 2-photon imaging (Fig. 3b). Groups of
islets were then imaged by our Nikon widefield microscope in the presence of 10 mM glucose to
induce oscillations in [Ca*]er (Fig. 3c-d). Since B-cells within the same islet oscillate in synchrony
due to electrical coupling by gap junctions (62), the intensity fluctuations in CFP and YFP can be
analyzed using a single region of interest (ROI) drawn around each islet. For successful FRET
imaging of [Ca*]er oscillations, the camera must have sufficient SNR to detect the smallest signal
modulation of each fluorescent channel, which varied by 187 + 19 and 242 + 19 DN (n=11) in the
DD and DA images, respectively (Fig. 3e). The smallest modulation, which occurred in the DD



image, was approximately 1.5% of the signal (Fig. 3f), setting a minimum acceptable value for
camera SNR, 100/1.5 = 66. Note that in most cases, this information is available for each
biosensor in the seminal publication, where authors will routinely report CFP and YFP intensity
changes in addition to the FRET ratio.

Using a photon transfer curve (PTC) to assess camera performance

Most scientific camera manufacturers provide specifications including read noise, dynamic
range, and bit depth, but making a direct comparison between cameras is not always possible
based on these values alone, and lower cost cameras often do not include these values in the
documentation. To directly compare camera performance, the photon transfer curve (PTC) method
is an excellent tool (63). A PTC is a plot of noise (standard deviation, plotted on the y axis) as a
function of the average signal (DN, plotted on the x axis) detected by the camera, providing a
rigorous method for characterizing camera noise for all possible signal values. This only requires a
small number of images collected under different signal levels, allowing direct empirical
comparison of cameras. The PTC method is therefore well suited to evaluating a camera during a
demonstration period.

There are two main sources of noise to consider: read noise depends on the camera
electronics and is independent of signal level, while shot noise increases with the signal detected.
Generally, for low signal values, a camera is limited by read noise, while for larger signal values,
shot noise is the limiting factor. Read noise is independent of pixel value, so it appears as a
constant minimum noise value. Shot noise increases as the square root of the signal, and a PTC is
constructed as a log-log plot so that the shot noise manifests as a line with slope %. As a
reference, Figure 5.1 in (63) illustrates these features. The PTC makes it possible to
experimentally confirm and compare camera noise performance that may be difficult to assess
using only manufacturer specifications.

Here we focused on CMOS cameras that have higher speed and resolution (number of
pixels), lower noise, and lower cost relative to CCD sensors. We compared four CMOS cameras
spanning a wide range of cost (in USD) and features (Fig. 4a). The ORCA-Flash4.0 (Hamamatsu,
$16,500) is commonly used for fluorescence imaging and served as a benchmark for camera
testing. Three additional lower cost cameras were evaluated and compared to this benchmark: a
$300 8-bit DMK42BUCO3 (The Imaging Source, DMK42BUCO3); a $1,600 10-bit machine vision
camera (IDS, UI-3240CP-NIR-GL Rev.2: AB00615 or Thorlabs, DCC3240N); and a $3,000 16-bit
scientific CMOS Quantalux (Thorlabs, CS2100M-USB). Of note, we are unaware of a camera in
the sub $1000 range that exhibits suitable noise characteristics for FRET.

To generate a PTC, sets of exposures (25-100) are acquired with a fixed illumination and
exposure time, and the noise is calculated as the standard deviation for each pixel across
exposures. To ensure the curve spans the entire range of possible signal values, the procedure is
repeated for different integration times or different illumination intensities. Depending on the
camera sensor size, a subset of pixels is used to facilitate image collection and processing. We
used a 200x200 pixel ROI for each camera to generate PTCs. It is also convenient to use non-
uniform illumination so that each set of 25-100 exposures includes a wide range of pixel values
collected simultaneously. Importantly, a set of dark images where the camera is covered was
acquired for each exposure time used. The average of these dark frames was subtracted to
remove dark current and any offset in the analog to digital converter (ADC), resulting in a set of
background corrected images. Mean and standard deviation over the 25-100 frames is then
calculated for each pixel, yielding a list of average pixel values and standard deviations. The pixel
values are binned, and the noise value for each mean signal bin is calculated by taking the median
of the standard deviations in each bin. The median is used in place of the mean as a measure of
central tendency because the pixel values are not normally distributed, especially at low values.
The median standard deviation of each bin (the noise) is plotted against the average value of each
bin (the signal) to generate an experimental PTC (Fig. 4b). Example MATLAB scripts for acquiring,
processing, and plotting a PTC for a camera are provided along with a small example data set in
the GIT repository (https://gitlab.com/rogerslab/edufret).



https://gitlab.com/rogerslab/edufret

Noise sources add in quadrature with the read noise, a constant, and the shot noise
proportional to the average signal. The analog to digital sensitivity constant, Kaoc, is a measure of
how many electrons (e) correspond to one digital number for a given camera. The expression for
noise as a function of average signal is shown in equation 1, where O is the total noise and GOread
is the read noise.

AverageSignal
o total = \/Gfead + I<g g (1)
ADC

Fitting allows determination of Kxpc and the read noise from the experimental PTC using a
weighted least squares fit in linear space. Although this application of measuring FRET signal is
not read noise limited, being able to fit, extract, and compare read noise is a useful feature of this
PTC method and valuable metric for comparing cameras in applications requiring low signal levels.

The PTC shows the noise as a function of signal. It is also useful to evaluate the SNR,
which is calculated for every signal value by dividing the signal by its corresponding standard
deviation (equation 2), and then plotted as a function of the signal.

_ Signal

SNR 2)

total

The dynamic range over which sufficient SNR can be achieved is critical in FRET
applications. Bit depth can limit dynamic range because one part out of 8 bits, a 0.4% change, is a
much larger change than one part out of 16 bits, a 0.0015% change. CMOS cameras are typically
8-bit (28=256 DN), 10-bit (2'°=1,024 DN), 12-bit (2'?=4,096 DN), or 16-bit (2*=65,536 DN). In the
absence of noise, the 8-bit camera appears to have sufficient bit depth to detect the 1.5%
modulation required for the D4ER FRET biosensor (see previous subsection and Fig. 3f).
However, this is only true when the camera is operating close to saturation. While the integration
time or illumination could be adjusted to ensure the brightest regions of the sample are close to
saturation, heterogeneity in the sample results in a range of pixel intensity values. It is typically
better to operate with the brightest pixels well below saturation to avoid saturation during the
experiment. If a higher signal is delivered to pixels with values already near saturation, data could
be lost. The 8-bit camera will therefore have a very limited useful range. This illustrates the need to
not only achieve a minimum SNR, but to achieve that SNR over the maximum possible range of
pixel values. Since the signal values in counts (DN) are arbitrarily scaled by the camera ADC,
cameras with different bit depths can be more easily compared after first converting the signal from
DN to e by multiplying the average signal value by Kaoc (Fig. 4c). This also makes it easy to
identify the full well capacity as the maximum signal value in e for each camera. The usable
dynamic range for each camera is the range of values between the minimum SNR threshold for the
biosensor and the full well capacity.

To determine whether each camera has sufficient performance, a reference line
representing the 1.5% signal change determined in Fig. 3f for the DAER FRET sensor was plotted
along with the photon transfer curves of each camera (Fig. 4b) and the equivalent reference line of
SNR=66 is shown for the SNR plots (Fig. 4c). The camera must perform below the reference line
in PTC plots and above the reference line in SNR plots. When part of a camera’s PTC is below the
reference line, the camera would be able to detect a change of signal less than 1.5% for that range
of signal levels. The range of values for which the camera performs better than this reference line
is important, so the length of the PTC that was under the reference line was determined in terms of
both DN and in terms of e". Providing this range in DN is convenient for assessing raw values on
the camera that are meaningful. This could be used, for example, to set a threshold where pixel
values that have unacceptably poor SNR are removed during analysis. On the other hand,
providing this range in e allows direct comparison across cameras with different bit depths.

All cameras were able to achieve the required SNR of 66 corresponding to a 1.5% change
in signal of the FRET biosensor. However, as discussed above, the range of signal values over
which this SNR is obtained is also important to allow detection across regions of a heterogeneous



sample without saturation. The DMK42BUCO3 only achieved SNR of 66 over a range of 6,142 e-
(126 DN), while the IDSUI3240 and Thorlabs Quantalux exceeded SNR of 66 over range of 9,398
e (560 DN), and 17,738 e (33,446 DN) respectively. By comparison, the Hamamatsu Orca Flash
4.0 provided 28,228 e (54,109 DN). The Orca Flash provides a number of capabilities not
discussed here that may be important in other applications, but for this microscope, the primary
requirement was SNR. Since the Quantalux proved comparable to the ORCA Flash in this regard
at a much lower price it was chosen for the final design.

Detecting the two emission spectral channels can be accomplished by either swapping
emission filters and sequentially acquiring frames or dividing the emission spectra with a dichroic
beam splitter and using two cameras. The latter has the advantage of simultaneous acquisition that
may be useful for samples with fast dynamics, but has the disadvantage of requiring additional
alignment of the images. While the chosen camera is a cost-effective solution that meets the SNR
requirements for FRET, the price for an additional Quantalux camera is still 10x higher than the
cost of a motorized filter swapper. Since the acquisition rate possible using sequential frames after
swapping filters was sulfficient for this application, a motorized filter slider (Thorlabs ELL6K, $297
USD) was employed.

B. The choice of sample governs the field of view, resolution, and required working
distance, which together determine the optimal objective

FRET biosensors may be used in a variety of cell types ranging from single cells such as
yeast and cell lines to tissue samples such as pancreatic islets (Fig. 5a). The cell or tissue size
affects the required resolution, which for example, needs to be higher when looking at small cells
such as yeast compared to larger mammalian cells. Larger samples such as pancreatic islets
require a larger FOV to capture an entire islet without stitching. The sample thickness and
mounting method may impact the required working distance, defined as the distance between the
objective and the focal plane. These considerations along with light collection efficiency are used
determine the optimal objective.

Objective lens

The most important optical element of the microscope is the objective lens. While higher
magnification objectives are associated with higher resolution, maximizing resolution is not always
a priority. Note for example that when imaging ER calcium in mouse islets, as shown in Fig. 3c-f, it
is not necessary to spatially resolve the ER, which is the only source of fluorescent signal due to
the ER targeting signal on the FRET sensor itself (47, 48). In this case the relevant sample was the
islet, which are typically 50-300 um, while yeast are an order of magnitude smaller (Fig. 5a) and
must be individually resolved if their behavior is uncorrelated. High magnification objectives
achieve higher resolution by using higher numerical aperture (NA), which also collects more of the
fluorescence emission. This is critical for maximizing imaging efficiency (minimizing integration
time while reducing phototoxicity). For any given camera and fixed tube lens, the image brightness
is improved by the objective NA and diminished by magnification (m), which distributes
fluorescence emission over more pixels (64).

4
B2 (3
m

Higher NA provides better resolution and image brightness, but the increased magnification
comes at the cost of reduced FOV, which must accommodate the sample. Fig. 5b plots FOV as a
function of NA and resolution for a range of objective lenses ranging from 10x to 100x (65). For
small samples such as yeast, high NA and high resolution are prioritized, while for large samples
such as pancreatic islets, the largest NA that still allows sufficient FOV is chosen. Additional
specifications are listed for several high NA objectives.

Additional tradeoffs of choosing high NA include shorter focal length and therefore small
working distance, and higher cost. For this application, a 40x oil immersion 1.3NA (Nikon
MRF01400, $3600) was selected. The diffraction limited resolution r is approximately 0.25 um for
this objective, calculated as



r:1.22)\
2NA

where A is the wavelength (535nm) being imaged, and NA is the numerical aperture of the given
objective.

(4)

The useable FOV for this objective is approximately 500 um, and if a 200 mm focal length
tube lens were used, the image on the camera would be over 20 mm in diameter, larger than even
the largest of the camera sensors. However, the tube lens can be selected as discussed below, to
provide the desired magnification, FOV, and irradiance on the detector. Note that the choice of
camera discussed above may change the optimal magnification, but this can be modified by
selecting a different tube lens if a different camera is chosen. The microscope objective is chosen
only to maximize light efficiency and provide the desired object plane resolution and FOV for the
sample of interest.

C. The choice of light source, camera, and objective governs the choice of collector and
tube lenses

i) Collector lens

The illumination optics are chosen to provide efficient, uniform illumination. The LED
illumination must be delivered to the sample through the filters and objective. Since the LED
intensity is not spatially uniform, imaging the LED onto the sample (critical illumination) would
produce non-uniform illumination and highly variable fluorescent signal. To avoid this, Kéhler
illumination (66) is employed by imaging the LED onto the pupil plane of the objective using a short
focal length collector lens. For a given diameter, a shorter the focal length will collect more light
from the LED and more efficiently deliver the light to the sample. However, the magnification of the
LED image on the back of the objective must also be considered. If the image overfills the
objective pupil, light is lost and wasted. On the other hand, if the LED image underfills the objective
pupil, the illuminated FOV is reduced. The optical path through the filter cube limits how close the
lens can be placed to the objective, so a 35 mm collector (Edmund Optics 47-634, $95 USD) was
chosen and the position was adjusted to produce an image of the LED that just filled the objective

pupil.
ii) Tube lens

Objectives and tube lenses are designed to be paired. The Nikon 40x/1.3NA oil objective
we chose is designed to be used with a standard f=200 mm tube lens (note this parameter varies
by manufacturer and objective). In designing our microscope, we chose the objective based on
sample and NA requirements and chose the camera based on SNR and dynamic range. We next
selected the tube lens to provide the desired magnification of the image onto the camera. A
magnification of 40x would also produce a diffraction limit on the detector of 0.25x40=10 um, which
is larger than the pixel size of all cameras considered. While oversampling the image resolution
can be desirable, resolution was not the primary goal of this work. By choosing a smaller focal
length lens to use as a tube lens, the magnification is reduced (while still maintaining the high NA
light collection). Fig. 5¢ shows the increase in magnification with tube lens focal length, and
concurrent decrease in effective pixel size at the object, FOV, and image brightness.

Reducing tube lens focal length from the standard 200 mm reduces magnification and has
three advantages: increased FOV for a given camera sensor size, closer matching of resolution
and pixel size, and increased irradiance on each pixel. The last of these is critical for the
application of FRET because, as was shown in the discussion of cameras, the signal needs to be
sufficiently high to obtain adequate SNR. To increase signal, or photoelectrons collected in each
pixel, there are three options including increasing exposure time, increasing illumination intensity,
or decreasing magnification. Exposure time cannot be increased beyond 300 ms as this makes
focusing difficult and adversely affects the data because each fluorescent channel is obtained
sequentially. Increasing the illumination intensity is also limited because this begins to cause
excess photobleaching and phototoxicity, limiting the duration that the experiment can be run.
Decreasing magnification increases the irradiance by the square of the relative change in
magnification (equation 3). For this study and the camera chosen above, the best balance of these



constraints was found with a 50 mm tube lens (Edmund Optics 47-637) producing 10x
magnification.

D. Demonstration of the assembled microscope: live-cell imaging with a lactate FRET
sensor

Previously, we have used fluorescent biosensors in pancreatic islets to measure glucose-
stimulated oscillations in metabolites such as citrate or the ATP/ADP ratio in pancreatic islet B-cells
(49, 67). These oscillations are small in magnitude, allowing us to challenge the biologically
relevant dynamic range of the microscope. Using our compact microscope, we measured lactate
dynamics in live mouse B-cells using the lactate FRET sensor, Laconic (43) (Fig. 6).

Laconic contains a lactate binding domain linked to monomeric teal fluorescent protein
(mTFP) and Venus, a yellow fluorescent protein (43). mTFP is the donor fluorophore, and peak
excitation occurs at ~458 nm. mTFP emits light between 460-550 nm, which excites the acceptor
fluorophore Venus, which emits light between 500-535 nm. When lactate binds Laconic, it induces
a conformational change of the laconic-binding domain such that the distance between the pair of
fluorophores increases. This decreases the FRET transfer efficiency and increases the ratio of
mMTFP:Venus emission fluorescence (Fig. 6a). We expressed Laconic using the insulin promoter to
achieve B-cell expression in live pancreatic islets isolated from mice, and imaged lactate dynamics
using the microscope. Note that the excitation filter (430 £ 12 nm) and emission filter (470 £ 12 nm)
of our microscope are designed for CFP, which does not precisely match the excitation and
emission spectra of mTFP (68, 69), while the spectra of YFP and Venus are closely matched.

Islets infected with the Laconic biosensor were first subjected to 2-photon imaging to
confirm sensor expression (Fig. 6b). The islets were then placed in a #1.5 glass-bottom dish
containing 2 mL imaging media, and the dish was transferred to a heated platform (33°C) resting
on the sample holder of the compact microscope, and widefield images were captured (Fig. 6c).
MTFP was excited using the Thorlabs M430L4 LED with the intensity knob set to 2/6. DD and DA
images were sequentially captured every 4 seconds using ET470/24m and ET535/30m emission
filters, respectively. The camera exposure time was 300 ms for mTFP and 50 ms for Venus. In the
presence of a stimulatory glucose concentration (10 mM), we observed slow oscillations in the
MTFP and Venus channels, resulting in ratiometric oscillations in the mTFP/Venus FRET ratio (Fig.
6d). This validates the ability of the microscope to detect small changes in fluorescence and
provides the first evidence of lactate oscillations in pancreatic -cells.

V. Conclusions

We provide the workflow to design a custom, low-cost educational microscope and provide
a specific example design to measure FRET dynamics in living cells. We describe methods to
provide evidence-based justification on each component choice, and identify cost effective
alternatives to expensive parts. We engineered an adenovirus expressing the FRET sensor
Laconic under control of the B-cell specific insulin promoter to generate a novel tool for islet
biologists to measure lactate dynamics in live cells. Excitingly, we used our own microscope to
measure slow oscillations in cytosolic lactate levels in pancreatic [3-cells. Additional experiments
will be necessary to determine the significance of lactate oscillations in pancreatic 3-cells. MATLAB
scripts for acquiring images use the MicroManager library via MMCore (70). Future work includes
the refinement of a custom MATLAB GUI for easy data collection, processing, and analysis, as well
as code for acquisition and generation of PTCs, which are in continued development and available
via http://gitlab.com/rogerslab/edufret.
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Figure Legends

Figure 1.

The design of the microscope requires consideration of the choice of biosensor and sample as well
as the optical hardware components. (A) The choice of biosensor informs the choice of filters, light
source, and camera, while the sample size informs the choice of microscope objective. The light
source and objective inform the optimal collector lens, while the camera and objective inform the
optimal tube lens. (B) The light from the LED source is collected by a 35 mm collector lens, passes
through a 430/24x nm excitation filter, is reflected off a polychroic mirror, and imaged on the
objective pupil to uniformly illuminate the sample. The 470 nm (blue) and 535 nm (green) emission
light passes through the polychroic mirror, is reflected off the fold mirror and passes through either
a 535/30 nm or a 470/24 nm emission filter. The 50 mm tube lens images the sample onto the
camera. (C) CAD Model depicts the final design of the microscope. All components are mounted
on posts attached to an optical breadboard, the sample is held by 3D printed holder, a metal post
acts as a support for the rack and pinion focus adjustment, and a square bracket attaches the
metal post to the optical breadboard. (D) Photograph of the microscope used to collect data.



Figure 2.

FRET imaging requires illumination spectra that efficiently excites the donor fluorophore while not
exciting the acceptor. (A) For CFP-YFP, a bandpass 430/24x excitation filter maximizes excitation
of CFP while minimizing unwanted excitation of YFP. Fluorophore spectra are exported from the
Semrock SearchLight spectra viewer (https://searchlight.semrock.com/). (B) The 430/24x CFP
excitation and 470/24m CFP emission filters exhibit an optical density (OD) =3 at their crossover
point. (C) Comparison of the three LED source spectra within the excitation filter. Filter spectra
were exported from the Chroma Spectra Viewer (https://www.chroma.com/spectra-viewer).

Figure 3.

ER calcium imaging using the FRET sensor D4ER. (A) D4ER utilizes an ECFP-Citrine FRET pair
and an ER-localized calmodulin (CaM) and M13 domain to detect calcium levels in the ER. (Top) In
the absence of calcium, the CaM and M13 peptide are dissociated, increasing the distance
between the fluorophores and decreasing the Citrine:ECFP emission fluorescence ratio. (Bottom)
Calcium binding CaM induces a conformational change allowing M13 to bind, bringing ECFP and
Citrine closer in space. This increases the FRET efficiency and increases the Citrine:ECFP
emission fluorescence ratio.(B-C) D4ER-expressing mouse pancreatic (3-cells in intact islets were
imaged using a 2-photon Nikon TE-300 inverted confocal microscope (B), or a widefield Nikon
Eclipse Ti-E inverted microscope (C). (D) Representative trace of ER calcium oscillations
measured in 10 mM glucose. Intensity changes are shown for the DA (535 emission) and DD
images (470 emission), in addition to the FRET Ratio (DA/DD). (E-F) The amplitude of ER calcium
oscillations (n = 11 islets) reported in intensity units (DN) (E) and as % change (F).

Figure 4.

Quantitative determination of camera performance. (A) Camera specifications for each evaluated
camera as presented in the specification sheets. (B) A photon transfer curve (PTC) plots noise as a
function of signal in terms of digital numbers (DN) generated by four different cameras,
DMK42BUCO03, IDS, Quantalux, and ORCA-Flash4.0. A reference line representing a 1.5% change
is included; to detect this change in FRET signal, the camera noise must fall below this line. (C)
The SNR is plotted as a function of signal in electrons (e°) for each camera. The reference line at
1/1.5% = 66 represents the minimum SNR required; the camera must perform above this line to
detect the required 1.5% change in FRET signal.

Figure 5.

Sample size determines the optimal microscope objective and tube lens length. (A) Minimal field of
view (FOV) and XY resolution required to image yeast cells (C. neoformans), a human cell line
(HeLa) and a mouse pancreatic islet. (B) (Top) The relationship between FOV and NA (right) or XY
resolution (left) from 45 commercially-available microscope objectives (65). (Bottom) Specifications
of commercially available microscope objectives for comparison. (C) Increasing tube lens focal
length (Fruwe) increases magnification (black line), but decreases brightness, FOV, and effective
pixel size.

Figure 6.

Lactate dynamics in live mouse (-cells in intact islets. (A) A schematic of how lactate binding to the
laconic sensor demonstrates how measured changes in FRET reflect changes in lactate levels. (B-
C) Laconic-expressing mouse pancreatic -cells in intact islets were imaged using a 2-photon
microscope (B), or our custom microscope (C). (C) Lactate levels were measured over 30 minutes
in 10 mM glucose. Colorized images of the islet correspond to the peaks (1,3,5) and troughs
(2,4,6) of the FRET ratio (black).



