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Abstract: Biomedical optical imaging techniques have become essential for bridging fundamental scientific

research and clinical applications, owing to their high resolution and absence of radiation toxicity. These

advancements are crucial for driving medical innovation and improving public health outcomes. However, the

integration of optical, mechanical, electrical, and control components in biomedical optical imaging systems often

leads to bulky and costly equipment. This complexity limits their capacity to fulfill the growing demand for point-of-

care testing (POCT) and high-resolution, minimally invasive imaging. Recent advancements in component

fabrication techniques and the emergence of new technologies have positioned the design and manufacture of

miniaturized biomedical optical imaging systems as a significant area of research. This review comprehensively

addresses the fundamental principles, key technologies, and specific clinical applications of these systems for both

in vitro and in vivo detection. Lastly, we provide insights into potential future directions in this evolving field.

Keywords: biomedical; optical imaging systems; miniaturization; endoscopic imaging systems

1 3 §

A2 B R AR 2 5 BT R AU R
1 N5 Rt 7 1 ( DR P Y7 4 el S1 < =
A A RATRENE IR A M T ik 25 7 X
P by IR RS, NI A PEARIAY T U T g, 1
AN, PR RN R AR TR R e
Wi DL FARE AR (i, R T AR A
fRFFEACE o a2 R AR Ry A 4 B 4 1)
WETH, 405 7 IR e 2 5 0 HER g
FARM A . ey, R WA e iRk E R
RERS B UOW S A A Y R n ar b iy . BlJS
PO A 1 & SRR A R AR TE AN i gl 21
HBR GRS 105 254 . LR A i b — 2 4R
FET UG 3 BER AR o AR BRSNS BT FH I Rk
FRMGAARE BT, BRE] T HAE i A IR
FRLH X I REAS 3 T R IZ T, Toils e RPAS B 7
M (point-of-care testing, POCT)"", £45 A4 N 15 1%
2% n ik 5 LW 2 4 $ (computerized tomography,
CT)™" F1 K% 4 HL IR 1% (magnetic resonance imaging,
MR 2t A7 [ RE A [ A, it HL TGk 2 IO A%
RG] DALY SE g 3 B i el WS B . B
HOGH TG 2# L R4 (microelectromechanical
system, MEMS) R A JiE, AU A At
BTN T 62 E USRS R R )y 2 —, i@
PR . BRGSO T B RMEA, W]
DI ARSI i 2 i R G m FE AR A, S
AR, Besh, BRI R Rk, i

— BRI T RGBS, BEAR T ARRURIA ™,
FIR R G S MRS A AT, oS TR
I BRI AR B A J o RETAR PRI, Ao
IR RS T EAR AL N BRI R G . WET R
FRGLiH B AR E 8 N RN RS REHR AR
Y, oA I Y SRR N 37 5 B A B,
1B, JEZRMBRRIS WA R A 1 S bR

A SCREAEAN B A R ) B 26 A UR R G
RIRABA, BARZHHNE 1 Bs. RIMGI RS
WL RGO CE R e, #E—Pans)
NBEFERBIR RS . TEGEENNE R . THE
AR R GV OGRS RNRIN &R 5t
FFE N B R RGN SRR RS, AI405)
N YR N B AR RS . SRR N BR R SE
BN E SR RS ERENB RS, L T2
(optical coherence tomography, OCT) N %i &4t . 1%
LB AR G TR N, A SCR AT
TFHLHY R R G A B UUR R G FAE UG IAE
ARG LR, B, MR AEYIE O &R
RGN K JEHEAT T e .

2 fEspamlig &

21 RELERRES
2.1.1 BEERBER RS

{5 H AT B 9 175 B 4R USUR R Ge i A LU
KHEERRME . HOCRRMEN:, BBV ARRUNYG . S
Bl ErE . Rt R R R, K

240230-2


https://doi.org/10.12086/oee.2024.240230

IR, 4 OGHLU TR, 2024, 51(12): 240230

https://doi.org/10.12086/0ee.2024.240230

Smartphone-based
imaging system

Miniaturized head-
mounted microscopic
system

B 1 ALY X TFHEMAY EFHZ R R 5 ek

Fig. 1 The overview of miniaturized biomedical optical imaging systems in this review”"*"
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Fig. 6 Miniaturized optofluidic flow cytometer. (a) Miniaturized optofluidic flow cytometer based on a mobile platform®™; (b) The cell counting
interface of the system in Figure (a); (c) Pumpless flow cytometer®”; (d) The cell counting interface of the system in Figure (c); () Integrated

miniaturized flow cytometer™; (f) Smart palm-size optofluidic hematology analyzer®; (g) Figure (f) Imaging effect of white blood cells in the
system channel
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Fig. 7 Optical schematic of the 2D macroscopic endoscopic
imaging system
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Fig. 8 Optical schematic of the 3D macroscopic endoscopic
imaging system
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Fig. 9 3D endoscopes based on light-field method. (a) Rigid light-field endoscope based on microlens®®; (b) Verification machine of light-field
endoscope based on Grin lens array"””; (c) Fingerprint sample taken by the device based on Figure (b), scale bar of 2.0 mm; (d) Prototype of

light-field endoscope based on Grin lens array™; (e) 3D samples taken based on Figure (d) system; (f) Highly flexible light-field endoscope'";
(9) Rabbit stomach depth map based on system of Figure (f), scale bar of 500 ym

240230-10


https://doi.org/10.12086/oee.2024.240230

PR, 4 S TR, 2024, 51(12): 240230

https://doi.org/10.12086/0ee.2024.240230

SCER T 20~60 pm FI 100~200 pm 25 6] 28 BE R,
= T2 5 mmxS mmx10 mm B RRAETR . AR [RIAE R
JRHE, Jia H BRI 4E T — 3N 3D P9 B R R AL
(grin lens array microendoscope, GLAM), #1I% 9(d) B
No MHEREN Smm, K4 52.5 mm FAFEHER
7 HER YT B B DL gk B A [, 4R
B AEF AT, (charge coupled device, CCD) #H#L I+, SZEL
T25100 pm B =ZEMHER, 22 mm B BHGIRE LA L
Lem® . 151 9(e) JE/R T GLAM RGEHHRMY =4k
i HETRDG N BB RZ ARIEN S, & T
JETFA, SRMTHALIE B i =2t N R R B A+
Ay MR FHAT S . Zhao 25 AU 3@ i £ W 224 R
g, $eih 7 —3Gl TR R G =
¥ WL (multiple micro-imaging devices, MIRD), 4l
P 9(h) Fis o IXSETRURAG IR 78 Bl 25 B i B UAE— 115
FEFEAEYIN 5 mm W BIAIER T, ZiR S pi 4
TEEHARA 7.5 mm A R B IEAE o 5K A MLA 8
GLAM BRI AR, XA 24815 SO0 3R
Jrik 3D NEL B R T RGN R IR RSN, %
RG] 43 HERR R 31 pm, lia] 3 HE% 0k 255 um,
SRS AR 2.3 mmx2.3 mmx10 mm. MIRD R
SUNER/STRERZY /N FNGR 7/ LNk P B EU DO R S alc i
RS ST B G0 UE, WAl 9(g) FR.
3.1.3 BREASRB RS

NEE RS, BB ESR 7~10m, H&
JET & SRR I T, XIS N G2 T A RS
EHAEBEOMERE. 5. 5w, 5. 4h%
IR, ARMEHT W/ NG . RAE . B, s R
DA Mz 25 N o ™ B 5 M) NI 04 A T 0 R
R, RN BN E A, LR N B2
—FNRURERE, N EA o PR AR5k . LED G
LRI B A I 5 . R T A, IR T
fRiE Y A ARGz At B . /N E 2RI
PRGN, R AR GRS 38 i TC A H AR AL iy 2 1B
WA, WS ECE T &, BB BEAE R S
I R 200 AT R B TH AL BRI L . N B
H 2001 4F #% 3¢ E £ it M2 25 Wi J (food and drug
administration, FDA) it )5, (HRHICE], &FiE, %
Rz MR A . RN B R R GO N
10 fos, FEARZ S LED 4T, RS 5t
WY BitE T2 CMOS I, [R I & B s A7
fitt ATT AL .

Data storage

un"
Battery CMOS  LED
B 10 KREAFRGEEZGAKE

Fig. 10 Optical schematic of the capsule endoscopic
imaging system
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Fig. 11 Optical schematic of the confocal endoscopic
imaging system
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Fig. 12 Confocal endoscopic imaging system. (a) Handheld dual-axes confocal endoscope!™; (b) Image of a mouse tissue taken in vitro by the

device in Figure (a); (c) Handheld endomicroscope using a fiber-optic harmonograph®; (d) Ex vivo image of isolated mouse colon cells taken
by the device in Figure (c), scale bar of 10 um; (e) Electrothermal MEMS fiber scanner for optical endomicroscopy®”, scale bar of 2 mm; (f)
Endoscopic imaging system based on two-photon and second harmonic imaging"'®?; (g) Image of isolated mouse liver cells taken by the device
in Figure (f), scale bar of 20 ym
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Fig. 14 OCT endoscopic system. (a) Super-achromatic OCT microprobe!*”; (b) 4 mm-long rat esophagi imaged by the device shown in

Figure (a); (c) Optical probe with a phase filter''*”; (d) Nano-optic OCT endoscope

['%), (e) Ex vivo imaging of the pig trachea using the device

[32].

shown in Figure (d), scale bar of 500 ym; (f) Ultrathin monolithic 3D printed OCT endoscope™; (g) Imaging of the arterial vasculature in healthy
mice using the device shown in Figure (f)
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Miniaturized biomedical optical imaging systems
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The overview of miniaturized biomedical optical imaging systems in this review

Overview: Recent advancements in biomedical optical imaging have profoundly reshaped medical diagnostics and
research, offering high-resolution, non-invasive methods that effectively connect fundamental science with clinical
applications. Despite their potential, traditional imaging systems are often hindered by issues of size, complexity, and
cost, limiting their utility in real-time diagnostics and in vivo imaging. This manuscript provides an in-depth
explanation of miniaturized biomedical optical imaging systems, emphasizing their design principles, technological
innovations, and varied applications in both in vitro and in vivo contexts.This study highlights pivotal advancements in
miniaturization techniques that have led to the development of compact imaging systems capable of delivering high-
quality images while being user-friendly and cost-effective. We examine the fundamental principles underlying these
systems, particularly the integration of optical components with micro-electromechanical systems (MEMS) and
innovative imaging modalities such as two-photon and three-photon microscopy.In this investigation, we categorize
miniaturized imaging systems into two primary modules: in vitro detection systems, which encompass microfluidic
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optical systems and minijaturized microscopy, and in vivo detection systems, including macro-endoscopic and
microscopic endoscopic imaging. We present a series of experimental results that demonstrate the efficacy of these
systems across various applications, such as sensitive cellular analysis, real-time monitoring of biological processes, and
early disease detection. Importantly, our findings indicate that these miniaturized systems not only enhance imaging
resolution but also significantly reduce the invasiveness of procedures, thereby improving patient comfort and clinical
outcomes.The manuscript also discusses the integration of artificial intelligence (AI) and machine learning (ML)
algorithms with miniaturized imaging systems, highlighting their potential to revolutionize image analysis and
interpretation. By leveraging AI and ML, we foresee advancements in automated diagnostics, enabling rapid and
accurate assessments in clinical settings.In conclusion, miniaturized biomedical optical imaging systems represent a
paradigm shift in medical imaging, offering unprecedented opportunities for improving diagnostic capabilities and
therapeutic monitoring. As research continues to advance in this field, these systems are poised to address critical global
health challenges, ultimately leading to enhanced patient care and outcomes. Our study underscores the importance of
continued innovation in imaging technologies, advocating for further exploration into their integration with emerging
computational techniques to maximize their potential impact in healthcare.

Su D E, Gao W D, Wang X W, et al. Miniaturized biomedical optical imaging systems[J]. Opto-Electron Eng, 2024,
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