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Abstract

Recent developments in real-time, in vivo micro-imaging have allowed for the visuali-

zation of tissue pathological changes, facilitating rapid diagnosis. However, miniaturi-

zation, magnification, the field of view, and in vivo image stabilization remain

challenging factors to reconcile. A key issue for this technology is ensuring it is user

friendly for surgeons, enabling them to use the device manually and obtain instanta-

neous information necessary for surgical decision-making. This descriptive study

introduces a handheld, actively stabilized, miniaturized epi-fluorescence widefield

microscope (MEW-M) for real-time observation in vivo with high resolution. The

methodology of MEW-M system includes high resolution microscopy miniaturization

technology, thousandfold shaking suppression (actively stabilized), ultra-

photosensitivity, and tailored image signal processing cell image capture and proces-

sing technology, which support for the excellent real-time imaging performance of

MEW-M system in brain, mammary, liver, lung, and kidney tissue imaging of rats

in vivo. With a single-objective and high-frame-rate imaging, the MEW-M system

facilitates roving image acquisition, enabling contiguous analysis of large tissue areas.

Research HighlightsA handheld, actively stabilized MEW-M system was introduced.

Excellent real-time, in vivo imaging with high resolution and active stabilization in

brain, mammary, liver, lung, and kidney tissue of rats.
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1 | INTRODUCTION

The development of accurate, robust, and user-friendly point-of-care

diagnostic or real-time imaging devices that are small, portable, and

affordable is crucial. Optical imaging techniques play a critical role in

achieving such technologies by providing high-resolution diagnostic or

observational information in a minimally invasive or noninvasive man-

ner. Oh et al. (2018) reported the real-time optical imaging used in the

diagnosis of microbubble destruction in microfluidic capillary. Sung

et al. (2021) performed a phase II multicenter trial for optical coher-

ence tomography using an intravesical real time imaging and staging

of bladder cancer. In addition, the use of miniature and flexible optical

components enables cellular-level imaging to be performed alongside

standard widefield methods such as endoscopy, enabling access to

tissue in confined areas of the body. Studies have investigated the

application of these types of microscopes for their potential use in

real-time imaging (Jean et al., 2007; Lane et al., 2009; Muldoon

et al., 2007), screening (Muldoon et al., 2008), clinical diagnostics

(Carlson et al., 2005; Zhong et al., 2009), and surgical guidance

(Muldoon et al., 2008; Zhong et al., 2009).

High- or super-resolution optical imaging techniques for investi-

gating deep tissues are currently limited to in vitro cell cultures or tis-

sue slices due to the attenuation of light propagation caused by

scattering and absorption (Jung et al., 2004; Wilt et al., 2009).
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Two-photon fluorescence microscopy takes advantage of the pene-

tration ability of near-infrared light and objectives with high numerical

aperture (NA) to enable three-dimensional tissue imaging as deep as

500–1000 μm with cellular-level resolution (Gu et al., 2014;

Helmchen & Denk, 2005; Theer et al., 2003). Several strategies, such

as improving fluorescence signal generation, optical signal collection,

and endoscope use, have been proposed to extend the penetration

depth of this technique (Wilt et al., 2009). In a previous study, a minia-

turized endoscopic objective with a tip diameter of only 3 mm was

used for minimally invasive in vivo observation of deep tissue (Feng

et al., 2019). Endoscope-based approaches, which are compatible with

matured optical microscope technologies such as widefield epifluores-

cence, laser-scanning confocal, and two-photon fluorescence, provide

an effective way to achieve in vivo observation deeper than 1000 μm

(Barretto et al., 2009; Barretto et al., 2011; Flusberg et al., 2008; Kim

et al., 2010). By combining these microscopy methods with gradient

refractive index lenses commonly used in endoscopy, researchers

have achieved in vivo fluorescence imaging in various tissues, includ-

ing muscle (Llewellyn et al., 2008; Prajapati et al., 2010), digestive

tract (Lee & Wang, 2016), vasculature (Yang et al., 2011), hippocam-

pus (Turtaev et al., 2018), and nervous system (Samarasena

et al., 2016; Yashiro et al., 2017). However, the use of polymer-based

materials can result in autofluorescence, which reduces image quality

compared with glass-based objectives.

However, while current fluorescence imaging microscope tech-

nology has been used in clinical practice, such as activated neutrophil

optical fluorescent imaging in human lungs (Craven et al., 2021),

intraoperative fluorescence imaging of colorectal cancer (de Valk

et al., 2021), there remain some issues that need to be addressed,

including operator-induced shaking and physiological fibrillation

(Acerbi et al., 2020; Belderbos et al., 2017; Martirosyan et al., 2016)

(such as blood vessel pulsation, breathing and muscle pulsation) in

patients, both of which can result in degraded image quality. Although

using a mechanical fixed arm instead of hand-holding can alleviate

some of the shaking, it is not as convenient as handheld use. By using

a widefield epi-fluorescence arrangement instead of point-scanning,

the system complexity and cost are greatly reduced. When used with

bright, fluorescent contrast agents, subcellular morphology can be

viewed in real time, by simply placing the distal end of the objective

onto the tissue site to be imaged. Therefore, this study aimed to

describe an actively stabilized, miniaturized epi-fluorescence widefield

microscope (MEW-M) system, which might be potential in real-time

observation in tissue resection.

2 | METHODS AND MATERIALS

2.1 | Overview of the MEW-M system

The MEW-M system is an endomicroscopic scanner for cellular struc-

ture, abbreviated as EndoSCell. Based on a handheld modification

(Zhang et al., 2021) and the MEW-W, the MEW-M system success-

fully achieves active stabilization, maintains real-time extreme optical

image stabilization (OIS), removes the robotic arm and allows direct

hand-holding, and provides a 550–1500� magnification for in vivo

imaging (Figure 1a,b), which allow this system being capable of porta-

ble histopathological microscopy with optical performance compara-

ble to a conventional histopathological microscope in terms of field of

view (FOV) and lateral resolution. MEW-M system is immune to vibra-

tion caused by hand shaking due to its anti-shake design, which

revolves around a module for shifting the image sensor (Figure 1c).

These indicate that MEW-M system can be used to carry out intrao-

perative histological observation in situ and in vivo, and investigate

living tissues at submicron/subcellular level in real time. It has a diam-

eter of 4 mm, a length of 22 cm, and can reach a lateral resolution of

0.67 μm, allowing for observation of subcellular organelles such as

dendrites, nuclei, nucleolus, and nuclear-cytoplasmic ratio, which are

typically used for histopathological diagnosis (Figure 1d, e).

2.2 | Testing of optics

MEW-M system boasts a 100 μm penetration depth and operates at

a frame rate of 60 Hz. This configuration facilitates the observation of

four to five cell layers within a relatively expansive FOV measuring

500 μm and supports for providing very stable real-time images from

living tissues. Functioning as a contact microscope, MEW-M system

eliminates the need for manual focusing adjustments. Remarkably, it

captures dynamic images from moving objects in a mere 16 ms. The

small objective, featuring a NA of 0.5, comprises a composition of nine

lenses. Among the nine lenses, one surface is distinctly super-

hemispherical, whereas several surfaces approximate a hemispherical

shape. The smallest objective lens size is Φ 0.8 mm, and the most

compact radius of curvature is at R 0.8 mm (Figure 2a).

As a minimal aberration system, MEW-M system mandates

rigorous manufacturing tolerances to uphold lens precision. Peak-

to-valley (PV) of the spherical and astigmatism irregularity is

required to achieve a resolution of 1/20 wavelength. The eccen-

tric tolerance of components is required to be less than 5 μm. The

position tolerance between glass lenses and center thickness tol-

erance is required to be less than 5 μm. The entire assembly is

required to be completed in a stress-free state. To ensure the

signal-to-noise ratio of fluorescence imaging, all glass materials

are required to be non-autofluorescent. The lens is a microscopic

endoscope with a stainless-steel tube outer diameter of only

4 mm, with NA 0.50 and 12� magnification (Figure 2b). The object

FOV is 0.5 mm. The object image conjugate distance is 221 mm.

The imaging spectrum spans from 480 to 600 nm. Notably, the

modulation transfer function cutoff frequency of the lens is

greater than 1500 lp/mm, and the central field wave aberration

PV value is less than 1/10 λ (Figure 2c). The axial chromatic aber-

ration at an aperture of 0.707 is less than one focus depth. The

chromatic spherical aberration is less than twice the depth. The

vertical chromatic aberration in different fields of view is all

within the Airy disk. Field curvature and astigmatism at the edge

of the FOV are less than one focal depth. The optical parameters
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of the MEW-E system are shown in Figures S1–S11. The optical

performance of MEW-M system is provided in Figure 2d,e.

2.3 | Architecture of microscopic image
stabilization technology

The image sensor shifting capabilities include four trapezoidal mag-

nets, four OIS coils, two position sensors (Sharma et al., 2019), and a

voice coil motor (VCM) (Hsieh et al., 2020) actuator configured to

shift an image sensor along multiple axes. The image sensor is

equipped with a magnet and coil configuration, incorporating multiple

magnets. Each magnet is paired with its own OIS coil and additional

autofocus (AF) coil (s) positioned either above or below the magnets.

Furthermore, a flexure arrangement suspended a coil carrier assembly

holding the OIS and AF coils and a substrate holding the image sensor.

Current can be driven in a controlled manner through the coils to

move the coil carrier assembly and substrate to shift the image sensor

for OIS and/or AF.

As shown in Figure 3a, the main components of our proposed anti-

shake technology are a complementary metal-oxide-semiconductor (CMOS)

transistor, magnet, position sensor, VCM, metal wire, printed circuit board,

and reed. The workflow is shown in Figure 3b. In addition, an endoscope is

used to obtain real-time images, and position sensors (specifically, linear Hall

sensors) are used to detect the direction and amplitude of vibration of the

endoscope in real time. A field programmable gate array (FPGA) clock is

used to simultaneously collect the data acquired by the position sensor,

image sensor, and VCM, and the data are processed at a clock rate of

40 MHz, that is, 25 ns, to obtain the direction, speed, and displacement of

the vibration. Then, the movement of the CMOS sensor required to offset

the vibration is calculated. The logic control sequence is designed according

to the calculated movement compensation. Furthermore, multiple sequence

flows are used to accurately control the flow direction of the current in the

coil at the nanosecond level to attract or repel the corresponding magnet,

thereby producing relative motion between the coil and the magnet. The

movement compensation of the image sensor in the x–y plane and the AF

motion in the z direction orthogonal to the optical axis are realized by the

current-driven coil, thereby achieving image stabilization and AF.

Figure 3c illustrates the displacement-based OIS structure.

Compensation motion for stabilization is performed by a

magnet-controlled system (Figure 3d). When an image is out of focus,

FPGA calculates the sharpness evaluation function at a high speed

F IGURE 1 Design and assembly of miniaturized epi-fluorescence widefield microscope (MEW-M) system. (a) System schematic shows the
major modules of MEW-M: LED light source (I), camera readout (II), data acquisition system (III), and monitor (IV). (b) The optical path of MEW-M
resembles a conventional epi-fluorescence microscope. (c) MEW-M optics consist of numerous components, among which a high-end micro-

objective (Φ = 3 mm; 3�; NA = 0.45) and an anti-shake module are the key components. (d) A neurosurgeon holding the lens of MEW-M system
to investigate a pig brain in vivo. (e) In vivo micrograph shows pyramidal cells from pig cortical region with clear dendrites and nucleolus (yellow
arrow, scale bar is 50 μm). CCD, charge coupled device; LED, light-emitting diode.
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and maps it to the current of the VCM coil. Because of the presence

of the magnetic field of the AF coil, the CMOS sensor substrate

moves in a straight line (Figure 3e), and the upper and lower leaf

spring are used to maintain the stability of the substrate. With anti-

shake technology in place, surgeons can hold the lens of MEW-M sys-

tem in hand (Figure 3f) and observe neuronal cells from the surgical

margin without interference from vibration (Figure 3g,h).

3 | RESULTS

3.1 | Evidence for active stabilization

A vibration of 2.5 mm (By comparing the range of pixels covered

by the size of the marker, the distance represented by each pixel

was determined. The range of shaking is determined by comparing

the pixels moved by the mark point in each frame. The maximum

shaking in the video was computed to be 2.5 mm) caused by invol-

untary shaking of the hand was recorded, and this vibration was

eliminated by the anti-shake technology, resulting in an average

of 4 μm cellular offset (Video S1, imaging of rat liver/kidney/brain

tissue). A 4 μm cellular offset is negligible, confirming the

usefulness of the actively stabilized technology. The handheld

shaking range is on the millimeter scale, while the shaking seen at

the cellular level through the lens of MEW-M system is on the

micron scale. Since the MEW-M system has a 1000-fold magnifi-

cation, it can assume that the shaking caused by hand-holding

should theoretically reach 1 meter after being amplified by

1000-fold. However, the actively stabilized design (thousandfold

shaking suppression) of MEW-M system can reduce this theoreti-

cal value to the micron level.

3.2 | In vivo brain, mammary, liver, lung, and
kidney tissue imaging from rat

To assess the application of MEW-M system in vivo imaging prelimi-

narily, this study conducted experiment of in vivo imaging observa-

tions by MEW-M system in multiple organs of rats, including the

brain, mammary gland, liver, lung, and kidney. After anesthetizing

the rats, local incisions were made to expose the target organs, and

then, the MEW-M system was employed in tissue imaging after stain-

ing with 0.25% fluorescein sodium (Sigma-Aldrich, Inc, USA) for 2 min

and 4% methylene blue (Sigma-Aldrich, Inc, USA) for another 2 min,

F IGURE 2 Optical performance of miniaturized epi-fluorescence widefield microscope (MEW-M) system, confirming submicron, subcellular
resolution. (a) Internal structure of the micro-objective from MEW-M. (b) The optical path. (c) Modulation transfer function (MTF) of MEW-M
optics. (d) The third element of the last group (Group 9) of the 1951 USAF target, imaged by MEW-M system. The width of the smallest resolved
bar in the inset is 0.77 μm, corresponding to Fmax = 645 lp/mm. (e) MEW-M system micrograph from brain slice of Thy1-YFP mouse shows the
robust formation of the subcellular functional regions, namely, the dendritic spines, which are normally 0.5 μm (0.1–1 μm) in diameter (scale
bar = 100 μm). CCD, charge coupled device.
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each followed by a rinse with physiological saline. As shown in

Figure 4, the MEW-M system in vivo images can clearly display the

tissue and cellular structures of multiple organs with excellent clarity

and contrast.

4 | DISCUSSION

This study indicated that the actively stabilized MEW-M system has

favorable real-time imaging performance in brain, mammary, liver,

F IGURE 3 Architecture and performance test of the anti-shake technology. (a) 3D diagram of system structure. (b) Actively stabilized
architecture flowchart. (c) The image sensor shifting structure. (d) Schematic of the correspondence between the position sensor and the magnet.
(e) Autofocus (AF) structure diagram. (f) Example picture showing intraoperative use of the miniaturized epi-fluorescence widefield microscope
system by hand to scan through brain samples from pig. (g) Over 4 s, a vibration of approximately 2.5 mm was caused by involuntary shaking of
the hand. (h) Micrographs from pig brain samples over 4 s observation show clear and stable images. (i) Over 4 s, a maximum 8 μm shift
(as compared with 2.5 mm vibration without anti-shake technology) was recorded from cellular level micrographs, confirming a very stable image
due to anti-shake technology. CMOS, complementary metal-oxide-semiconductor; FPGA, field-programmable gate array; OIS, optical image
stabilization; PCB, printed circuit board; VCM, voice coil motor.

F IGURE 4 Imaging of organs tissue in rat, including brain, mammary, liver, lung, and kidney. The upper panel was H&E stained histological
examination, and the lower panel was image of endoscopic examination of miniaturized epi-fluorescence widefield microscope (MEW-M) system
in vivo.
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lung, and kidney tissue imaging of rat in vivo, which might be applied

in real-time observation in tissue resection.

MEW-M system is a handheld microscope designed for in vivo

use that provides a miniaturized solution with a diameter of less than

4 mm and a weight of less than 100 g. With a 550–1500� magnifica-

tion, 500 μm FOV, 100 μm penetration depth, and 0.5 μm resolution,

it offers superior optical performance compared with existing technol-

ogies like Endocyto or narrow-band imaging (NBI) from OLYMPUS

(450–1100� magnification), and the confocal endomicroscopy (CLE)-

based system (380–600� magnification) (Jin et al., 2008; Kitabatake

et al., 2006; Neumann et al., 2011), which are highly invasive for neu-

rosurgeries and have a much larger distal end outer diameter (9.7–

12.8 mm). The Endocyto or NBI from OLYMPUS are mainly used for

real-time observation of the interior of organ cavities through natural

orifices, such as for colorectal cancer detection (Sano et al., 2016).

The CLE-based systems require much longer imaging time, often

involving 70 images per specimen and 15 min per patient, as well as

additional affixation tools, such as gentle suction and a probe holder

(De Palma et al., 2010; Martirosyan et al., 2016). In contrast, the

MEW-M system's acquisition frame rate allows for much shorter

imaging time, meaning total coverage of a large centimeter square

area of examination would only take a few seconds.

While not yet available on a routine basis, utilizing a technique

like the MEW-M system for neurosurgical procedures could improve

tumor visualization at the margin and speed up intraoperative diag-

nosis. Some studies have found CLE-based imaging systems to have

comparable specificity and sensitivity to frozen sections for provid-

ing diagnostic information during biopsy or resection of human brain

tumors (Belykh et al., 2016; Belykh et al., 2019; Eschbacher

et al., 2012; Osman et al., 2018). However, current CLE-based and

Raman-based imaging microscope systems developed for neurosur-

gical use still have limitations, such as unoptimized image processing

and display, low ergonomic position of the handheld probe, and a

lack of sterile attachments for the imaging probe (Eschbacher

et al., 2012; Hollon et al., 2016; Martirosyan et al., 2014). Addition-

ally, traditional in vivo imaging microscopes, such as the two-photon

microscope, require a vibration-isolation table and a mechanical arm

to prevent shaking. Raman-based microscopic images also have a

limited signal-to-noise ratio and are complicated to interpret (Tao

et al., 2012). However, the MEW-M system has an actively stabilized

mechanism which reduces mechanical interference from hand shak-

ing, that is not currently available with other real-time in vivo imag-

ing microscopes.

In conclusion, this study suggests that the MEW-M system has

the potential to be a surgeon-friendly, rapid, and cost-effective alter-

native to conventional histopathology and microendoscopy, providing

real-time intraoperative feedback to facilitate closed loop treatment

decisions in clinical practice. This includes accurate assessment of sur-

gical margins and comprehensive surveillance of large tissue areas to

guide biopsy site selection without the need for permanent tissue

damage or removal. Nevertheless, the clinical application of the

MEW-M system still requires further confirmation through large-scale

prospective studies with a large clinical sample size.
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