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ABSTRACT

Fluorescence microscopy is a well-known technique for studying biological samples. However, on a global scale, microscopy

techniques (beyond brightfield imaging) are inaccessible in some countries. Additionally, proprietary microscopy hardware is

not modular and cannot be adapted for different architectures. In this research, we demonstrate a modular epifluorescence

microscopy system and image analysis technique developed with the motivation of achieving high-resolution imaging using

low-cost modular hardware. We compare the performance of the (1000 GBP) OpenFlexure-inspired epifluorescence ModMicro

system to a proprietary epifluorescence microscope. With the epifluorescence ModMicro system, we imaged ‘datacubes’ of 0.54

x 0.40 x 0.005 mm (in 100 steps of 50 nm each) size. The image data is enhanced with a novel sharpening algorithm. Combined

(light sources, microscope hardware and image sharpness enhancement algorithm), a complete system for epifluorescence

microscopy that is globally accessible and cost-effective is presented.

Introduction

Fluorescence microscopic imaging was first developed as a transmission microscopy approach1. This technique was further

developed into the now widely used epifluorescence imaging setup2, 3. Subsequent innovations such as dichroic mirrors

contributed to enabling a reflection-based approach (that is now standard)4. This technique transformed the way the microscopic

world is observed, particularly in life sciences where it enabled the visualisation of cells and their internal structures with

fluorophores enabling complex labelling and observation of cells.

Fluorophores are biological labels that absorb and emit light due to the Stokes shift (wherein the light absorbed by the

fluorophores is emitted at a longer wavelength)5. For example, green fluorescent protein (GFP)6 which when excited by

ultraviolet (395 nm) and blue light (488 nm) has an emission peak wavelength of 509 nm (green) depending on the specific type

of GFP7, 8. Typically, an epifluorescence microscope will have emission, excitation and dichroic filters to reduce noise and limit

excess light, increasing the fluorophore’s effectiveness. However, the variability of the hardware in quality and capability is

substantial, and so are the output images produced by the microscopes. For instance, epifluorescence microscopes have shown

the ability of volumetric imaging from 3D reconstructions9, are widely used for live cell imaging10, virus detection and counts

in natural waters11, and are essential in studies with zebrafish12, 13.

The main limitations of epifluorescence microscopes are their spatial resolution, which is in turn limited by the numerical

aperture of the objective, the wavelength of the incident light on the sample and the limited depth of field. As a result, only thin

samples can be effectively imaged. These limitations have led to the development of more advanced microscopy techniques

such as confocal microscopy and stimulated emission depletion (STED) microscopy (which is a form of superresolution

microscopy that beats the diffraction limit)4, 5. While all these techniques have their advantages and disadvantages across many

conditions for a microscopist, fluorescence microscopy fundamentally continues to be explored.

This research is a step towards making this technique accessible through open-access hardware and low-cost designs. Our

approach to the development of a modular epifluorescence microscope uses the OpenFlexure microscope14, 15 as a starting

point. Other open-sourced 3D-printed microscopes such as UC2, which has accomplished 2D super-resolution imaging

using structured illumination microscopy (SIM)16, 17, the miCube open microscope18 and FlyPi19 offer alternative approaches.

However, our choice is based on the overall stage stability and modular components that allow us to deconstruct the OpenFlexure

microscope, and include our designs for achieving a ModMicro system. Subsequently, we engineered novel and redesigned

components, along with integrated light sources (ModLight20), to build an epifluorescence microscope for under 1000 GBP.

The novel sharpening algorithm applied to the images enhances the images to improve their quality.



Figure 1. Tissue paper dyed in fluorescein imaged with the ModMicro epi-fluorescence microscope and a 10x, 0.25 NA

infinity corrected objective. The red boxes indicate the three ROI across the sample, showing a line intensity profile for Zone 1,

detailed in figure 2. All three ROI, across all three datasets (ModMicro, ModMicro with an intrinsic sharpness enhancement

algorithm and a Nikon Ti-Eclipse microscope), are analysed.

Results and Discussion

The images in this study are acquired from two microscope systems. These include our contribution, the ModMicro epifluores-

cence microscope, and the Nikon Ti-Eclipse microscope. The z-stack images were acquired and compared, both qualitatively

and quantitatively. The z-stack datasets of the sample are assessed for sharpness21 in three regions of interest (ROI), as shown

in Figure 1. The comparison showed that the images collected by the ModMicro microscope are comparable to the standard

microscope images and further improved using the proposed intrinsic sharpness enhancement algorithm (as detailed in Table 1).

Table 1. The sharpness values of features in the three indicated zones using image data from the ModMicro epifluorescence

microscope, sharpness-enhanced epifluorescence images and Nikon Ti-Eclipse microscope. Left indicate the first half of the

line intensity profile and Right the second half, respectively. As shown in units of physical size (µm, calculated from pixel size

and number of pixels), the key inference drawn is that the intrinsic sharpness enhancement algorithm consistently improves the

sharpness of the ModMicro images, resulting in sharpness results comparable to the Nikon Ti-Eclipse microscope.

Imaging System Zone 1 Zone 2 Zone 3

Left (µm) Left (µm) Left (µm)

ModMicro 26.50 12.58 12.09

ModMicro Data with Sharpness Algorithm 23.25 12.25 11.27

Nikon Ti-Eclipse 26.77 11.94 13.50

The data from all three zones are assessed for sharpness using line profiles of pixel values (data from all profiles, images and

imaging systems are detailed in Supplementary 1). Zone 1’s intensity profiles (Figure 2) of the sample show clear comparable

sharpness of the features with a marginal enhancement using the sharpness enhancement algorithm (ModMicro Sharpened,

in the graph). In the pixel value profiles, the shoulders are much steeper for the ModMicro system data when compared to

the Nikon data. This is interpreted as a better contrast of pixel values in resolving the features using our proposed system and
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Figure 2. Determination of the sharpness profile of ModMicro, ModMicro with an intrinsic sharpness enhancement algorithm

and a Nikon Ti-Eclipse microscope. Plotting normalised intensity against the lateral position in x-y directions determines the

FWHM of the axial sharpness summarised in Table 1.

sharpness enhancement algorithms. Additional inferences from the profiles show variations in pixel values (Zone 1, Figure

1) indicative of features that could not be resolved in the Nikon microscope. For instance, in Zone 1, the object includes a

‘dark’ spot in the middle of the individual feature. This, in terms of changes in pixel values, could not be detected on the Nikon

Ti-Eclipse microscope data. The sharpness of the resolved features is further assessed for each ROI (Zone 2 data illustrated in

figure 3) and their respective fitted sigmoidal functions.

Methods

The methods in this research include hardware and image processing algorithm contributions. The hardware is a complete

solution for epifluorescence imaging while the data from this microscope system is the input for the sharpness enhancement

algorithm. Finally, the data from the ModMicro epifluorescence system and the sharpness-enhanced algorithm are compared

to data from a standard Nikon Ti-Eclipse microscope. The ModMicro epifluorescence microscope is initially operated in

transmission mode to determine the field of view and resolution using a micron ruler (0.01mm Stage Micrometer Microscope

Camera Calibration Slide, MUHWA; calibration procedure in Supplementary 1). A lens-cleaning tissue (MC-5, Thorlabs,

Inc.) dipped in a fluorescein solution, between a cover slip (0.17 mm thick) and a glass slide, was used for imaging.

The ModMicro epifluorescence microscope data is compared to collected data from a Nikon Ti-Eclipse microscope equipped

with a Zyla 5.5 sCMOS detector (21.8 mm sensor size (diagonal) with 6.5 µm pixel size and 2560 x 2160 active pixels) and

a 20x, 0.5 NA infinity-corrected objective (with a 200 mm tube lens in the optical path). This Nikon Ti-Eclipse inverted

microscope is capable of epifluorescence microscopy, amongst other capabilities. The light source used is a mercury lamp

equipped with a 500 nm short-pass filter. The optical path includes a 460-490 nm excitation filter, a 496-547 nm dichroic mirror

and a 495-545 nm emission filter. We identify and evaluate the same region of the sample to establish a direct comparison in

the sharpness of the microscopes.

Modular epifluorescence microscope

The OpenFlexure microscope main body (OFMMB) is a central component of the ModMicro system. The choice is made based

on the accessibility of the platform and the flexibility to make necessary changes in this study. Being the most up-to-date version
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Figure 3. Analysis of the sharpness profile of ModMicro, ModMicro with an intrinsic sharpness enhancement algorithm

(labelled ‘Sharpened’) and a Nikon Ti-Eclipse microscope (labelled ‘Nikon’). Plotting normalised intensity against axial

position in x-y directions with a sigmoidal function fitted over the data to determine the sharpness of each microscope, by

calculating the distance between the highest to the lowest values of the respective sigmoidal functions.

of the OpenFlexure apparatus, this is the most appropriate model to use but the optical components of the epifluorescence

microscope are interchangeable with the OpenFlexure Delta stage microscope with a customised base. The OFMMB has

three flexible actuators with a 12 x 12 x 4 mm adjustable stage range and uses stepper motors for tens of nanometer stage and

objective control in x, y and z directions. The imaging is done using a Raspberry Pi camera V2 (Sony IMX219 CMOS sensor

with 8 megapixels in a 3280 x 2464 format). The stepper motors (Part number: 28BYJ-48) are controlled by a motor control

board that connects to the same Raspberry Pi used to operate the microscope and the camera. For illumination, we integrated

the ModLight devices20 which includes a narrow spectral bandwidth blue LED (central wavelength of 480 nm). The use of a

narrow bandwidth LED makes the excitation filter redundant, simplifying our system.

The optics module was designed in the freely available design software OpenSCAD. Figure 5 shows the overview of the

novel 3D-printed optics module. The two primary cubes are each one piece of 50 x 50 x 50 mm dimensions and custom-designed

for specific attachments. Cube1 has two self-tap M3 screw holes which enable the Raspberry Pi camera module to be held in

place at the optimal alignment of the system. The Raspberry Pi attachment also has two M6 through holes for attachment to an

optical bench. Within Cube1 there is a slot set at 45 degrees that allows for a 25 x 35 mm silver-coated mirror placed into a

3D-printed mirror holder to be inserted. At the top and the bottom of Cube1 are circular cut-outs where magnets are glued to

magnetically attach and align with Cube2 and an optical bench.

Cube2 also has circular cut-outs where magnets are glued to magnetically attach and align with Cube1 and a 3D-printed

tube lens holder. This cube has two slots; the slot set at 0 degrees allows for a 3D-printed holder tray to be passed through the

cube, allowing the user to choose from a selection of different emission filters. A second slot at 45 degrees and a similar holder

tray allow different dichroic mirrors to be selected.

Attached to the OFMMB is a standard RMS threaded 3D printed objective holder. The attachment on the objective holder

is the same as the OFM objective mount. We used a 10x, 0.25 NA and a 4x, 0.1 NA infinity-corrected objective lens. Due to

the design of the optics module, a 125mm focal length achromatic doublet lens to correct for the tube length of the infinity

corrected Olympus objectives was used. This meant the true magnification and relative field of view were different from that

stated in the objectives.

From equation 1 we find the desired magnification of the system to optimise the effective field number, the eye-piece
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Figure 4. The ModMicro epifluorescence microscope system combines a novel microscope design with modular light sources

(ModLight20). The setup includes a condenser lens (f = 5 mm), dichroic mirror (25 x 36 mm longpass dichroic mirror, 505nm

cut-on), tube lens (f = 125 mm), objective lens (RMS10X - 10X Olympus Plan Achromatic Objective, 0.25NA) and emission

filter (CWL=535nm, BW +22nm). The imaging is achieved using a Raspberry Pi camera. Note that our choice of narrow-band

wavelength-specific LEDs has excluded the need for an excitation filter.

Figure 5. Novel 3D printed optical components of the epifluorescence microscope.

aperture at the image plane, i.e., the field of view, as M = 0.21, assuming a field number of 22. The limitations of the hardware

design mean the minimum distance between the sensor and the tube lens is 110mm, so the minimum focal length of the tube

lens can be 110 mm. We use a 125 mm focal length achromatic doublet lens. Therefore, our true Magnification from equation 2
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is M = 2.8 for 4x, 0.1 NA infinity-corrected objective lens with an effective field number of 1.08 mm. The true magnification

for the 10x, 0.25 NA infinity-corrected objective lens is M = 6.95 with an effective field number of 0.66 mm.

Intrinsic sharpness enhancement

All applications of microscopy rely on the separation of features in an image, i.e. resolving objects, and therefore, image

enhancement is an essential step in the workflow. Used along with the novel microscope hardware but applicable independently,

we developed sharpness enhancement methods to eliminate the inherent blurring that occurs from z-stack data acquisition. The

out-of-focus light captured by the imaging sensor increases as the sample moves away from the focal point of the microscope

objective. An enhancement algorithm is developed that achieves sharpening by removing low spatial frequency regions in the

image. This is done by subtracting the low pass filtered (LPF) version of that image from itself. Such a filter is constructed

using an n×n matrix filled with values of 1/n, for which there exists an optimised size (or n value). Therefore, an additional

step in the workflow is required to find this value. For this, three sharpness metrics are used.

Sharpness Metrics

Three sharpness metrics were proposed for this purpose, each utilising the pixel values of the image to measure the gradient

across image features, and thus its inherent sharpness. Every image can be deconstructed spatially into local neighbourhoods,

providing context to individual pixels. The differentiating factor between each metric is the choice of the size of these

neighbourhoods, and the choice itself is key to its effectiveness for a given data set. Deciding the best metric was supervised,

wherein the performance of the metrics was analysed visually. An onion epidermis z-stack was used as test data to select the

best metric for the final version of the sharpening algorithm.

The first metric applies a Laplacian operator, Lxy to each image via a convolution. This type of filter is commonplace in

edge detection applications to detect discontinuities at any orientation. Once applied to the image, the pixel values are squared

and averaged to produce a ‘sharpness score’22. The higher the score, the sharper the image.

Lxy =





0 1 0

1 −4 1

0 1 0





Figure 6. Demonstration of how the Laplacian operator can be used to distinguish between images of different sharpness. A

convolution between the image and this operator produces a compressed matrix retaining key image features. This resultant

matrix can be squared and averaged to produce a ‘sharpness score’, from which the sharpest image can be determined.

The second metric evaluates a specific neighbourhood as opposed to the image as a whole. A line of pixels specified by the

user is used to obtain intensity as a function of position. This yields peaks which correspond to the features in the image. The

full-width half maximum (FWHM) of the largest peak is obtained using a built-in peak finding package in Python, and these

values are used directly as a measure of sharpness. Here, a narrow FWHM is indicative of an in-focus, sharp image. The same
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package can be used to identify the number of peaks in this plot, from which a third metric arises. Here, a greater number of

peaks indicates a larger number of distinguishable features and thus a sharper image.

Figure 7. An alternative approach for determining image sharpness (SM2 and SM3). A line is plotted perpendicular to the cell

wall in an image of an onion epidermis and the intensity of the pixel at each point on the line is plotted as a function of the row

number. Points A and B mark the position of the cell wall and subsequently the turning points of the resultant peak. The

FWHM and number of peaks are measured as their value is used to compare image sharpness.

Conclusions

The primary objective we set out to achieve was to make a cost-effective and modular solution to advanced microscopy

techniques, beginning with an epifluorescence microscopy system. The use of narrow-bandwidth LED sources, individually

selected for the particular sample being investigated, allows for a simpler, and more cost-effective, optical setup that does

not require the use of narrow-band excitation filters. The 3D-printed hardware and image sharpness enhancement algorithms

combined are a complete solution for imaging samples. The imaging capability of the ModMicro epifluorescence system can

be quantitatively compared to the proprietary microscope (within the scope of this study). Subsequent work will focus on

strengthening the epifluorescence microscope system with future versions, and continue to develop additional techniques to

extend the constellation of modular microscopy hardware (https://github.com/AkhilKallepalli/ModMicroUofG).
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