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Fig. 1. Optical layout of digital holography.
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Fig. 2. Optical layout of digital holographic reconstruction.
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Fig. 4. The relationship between the RBC deformation and the real part of reconstructed amplitude. (a) The reconstruction dis-
tance z' to the focus at different recording distances z of the simulated RBC (red) and the experiment using a real RBC (green). In-
set shows the Cassini model of the RBC used in the simulations; (b) the experiment using a real RBC (green), the reconstructed
Re(U) for the simulated unaltered RBC and a deformed RBC represented by the red and blue curves, respectively; (c¢) reconstruc-
ted data from a ~20% smaller RBC compared with the one used in (b). Red and green curves represent the Re(U) of simulation and

experiment, respectively; Gray vertical line in (b) and (c) indicates position of the RBCIP2.
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Fig. 5. Inline digital holographic microscopic system for
tracking spatial distribution of RBCSP.
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Fig. 6. The hologram and the reconstruction images of
RBCs. (a) The RBC hologram obtained from CMOS; (b),
(c), and (d) represent RBC reconstruction images at differ-
ent reconstruction depths, respectively. Each focused RBC

is shown by an arrow(®!.

# 1 RBC K RE B 550 {5 S R Y
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Fig. 7. Off-axis digital holographic microscopy system for
measuring RBCs’  three-dimensional volume of different

shapes®.
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FRic ok e 5 i — 25 2r HIA5 2 1 54~ RBC 19 A B, C &4y 1

Fig. 8. The reconstructed phase image for RBCs (a) The reconstructed phase image for RBCs having a stomatocyte shape; (b) the

reconstructed RBCs phase image for RBCs having a discocyte shape; (c)the segmented phase image for RBCs having a stomatocyte

shape; (d) the segmented phase image for RBCs having a discocyte shape; (e) the segmented phase image for single RBC(f), (g) and

(h) represent the A, B and C parts by the marker-controlled watershed algorithm in RBC, respectively™.
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Table 2. The different shapes of RBC’s three-di-

mensional volume of A and B parts.
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Fig. 9. Off-axis digital holographic microscopy system for

investigating the effect of defocus on RBC three-dimension-

al volume measurement!53,
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Table 3. Comparison of OV measured by manually-fo-

cused and digitally-refocused methods®.
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Fig. 10. Digital refocusing of a single red blood cell image and corresponding optical volume measurements. (a) The amplitude and

phase images by the manually-focused method and digitally-refocused method from a single RBC; (b) amplitude variance metric of

holograms A-G; (c¢) computed OV of RBC from manually-focused phase images(black) and digitally-refocused phase images(blue).

OV reported as mean + standard deviation®3.
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20 DI RERRAT S5 AN AR T 00 22 R B RS
AIBFFE R, IESE T PD AL BB, AR L
TEBTSE A B AR A B 0L 2 5 5 4R AR 2 171, ATt
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Fig. 11. Off-axis digital holographic microscopy system with
optical tweezer for measuring RBCs’ three-dimensional
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1N e RBC S ] A AR5 L

F i E LA (Hy0,) ¥ (0.1 mol/L) 75 PBS
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T 5 AR, SAFG SL5 S5 F I E A oK
RBC # i iR A . AR bbb hi i 71 5
YL AR T 2Z (8] () 56 22, T X0 6 B I B8 (B AR A AR
W53 R © IR HE vk Ak I ik (774 Ak
P& RGAET-APIRAS T AT T HAE SRS B Rt AL
Wz, & R IR, #9E Boltzmann 4t
TH TR R BEAILIZ SR (A B, 7T AR
PR T DR A7 1], B2 it TR0 1) F 34
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WG PR RFEO TR AN IR E RIS BE 5],
BIFR AR F3 7 i G BIR MRS & ANk 5 B BF =2 1) s
25 Ax FL[RI 22, 561 BE BERLA 142 0~3 pN Z[H]
k. ¥ RBC P hg ik 2 0 fe K s B 2 O |,
IR TV R MR 1 1284k, 2 12 W5l s
T HRT 2 pm YR EERRT, B AN AR B
R, RBC By 4 M A o 30K RS B HLH 0 2% 2 AR
LSRN 11 = A T T = R A 87 R R B S
10 4~ RBC Myt K 5 = e IR R0 P, AEWE
TEDW R RBC ZEAN Ak B2 AL i B s B S =
AR BN AR AL, il A SCPT R I- nE 13 s,
H/ Hy Fnhi it B e R oS 75K P
A RBC M9 s i 85 B Ho 1 HUAEL, 1B 13(a) 2R 0—
200 pmol/L % b N ¥k T RBC /& e H/Hy
SRR IR, T RBC MBS HLIR
PERE, & AT AT, B AT N O R 0 8
RBC MASIERE S TR, BILEALR BT 1) RBC H
ML PERE & 32 2™ E . K] 13(b) /R 0—
200 pmol/L A LN B~ RBC = 4EARF 1) AR
1k, B, S IIA HyO, 8% B PBS HHEY
RBC, %A 1k 3 i fff RBC A4 4K B /N, 76 50—
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164201-12


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 69, No. 16 (2020) 164201

0 1 pN 2 pN 3 pN

(a) RBC in
nomal PBS

H=2.53 pm H=2.40 pm =2.31 pm

(b) RBC in
50 mol/L Hy04

(c¢) RBC in
100 mol/L H0,

H=2.64 pm

(d) RBC in
150 mol/L H0,

H=2.46 pm

(e) RBC in
200 mol/L H,0,

H=2.64 pm

12 0— 3 pN FEBFHL A ) A2 b R AR BE (0— 200 nmol /L) LN T @ RBC iy BEAE Ak, B AU R RBC & 1K

N

Fig. 12. Height change of reconstructed RBCs under different concentrations of oxidative stress (0—200 pmol/L). Four images in

each group are corresponding to trap force varying from 0—3 pN. Color bar represents different thickness(™.
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Fig. 13. Performance of RBC under different oxidative stress. (a) The relationship between the maximum height H of RBC and the
trap tensile force under different oxidative stress; (b) the volume of RBC under different oxidative stress!".
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Abstract

Digital holographic microscopy (DHM) can obtain biological parameters and morphological information of
cells by reconstructing holograms, which is different from traditional optical microscopy. The DHM is a three-
dimensional imaging technology which is effective, non-contact and non-destructive. With the developments of
the image sensor and the computing technology, it has made significant progress in the field of living cells
detection, especially for red blood cell. Compared with the technologies which are widely used in the field of cell
imaging such as con-focal laser scanning microscopy, scanning near-field optical microscopy and optical
coherence tomography, the DHM has the advantages including wide FOV and high-resolution to achieve higher
imaging and quality. This paper introduces the principle of recording and reconstruction of digital holography,
and then analyzes the performance of three reconstruction algorithms using the Fresnel method, the convolution
method and the angular spectrum method. The Fresnel method is suitable for the sample size larger than the
image sensor. Both the convolution method and the angular spectrum method have an optimal reconstruction
distance. When the reconstruction distance is different from the optimal distance, the resolution of the
reconstructed image will decrease, and the angular spectrum method is better than the convolution method in
overall performance. The DHM system for RBC measurements mainly adopts the convolution algorithm or the
angular spectrum algorithm to implement numerical reconstruction. The systems of the in-line DHM, the off-
axis DHM and the optical tweezers combining with off-axis DHM are introduced. These techniques use
algorithms including Rayleigh-Sommerfeld back-propagation, the sharpness quantification, the watershed
segmentation, the numerical refocusing and the thermal fluctuation to determine the focal plane position and
obtain the best reconstruction distance of the RBCs, and further detect the shape change of the RBCs and
extract the information of high-resolution blood vessel shape and blood flow velocity. These techniques can even
achieve the dynamic tracking and measure three-dimensional volume of RBCs in real-time which is helpful for
pathological studies such as diabetes, cardiovascular disease and Parkinson's disease. With its unique non-
contact and non-destructive characteristics, the DHM realizes real-time and quantitative detection that is

difficult to achieve with traditional three-dimensional microscopic imaging technologies.

Keywords: digital holography, microscope, cell imaging, digital refocusing

PACS: 42.30.Wb, 42.40.My, 87.64.mh, 07.05.Pj DOI: 10.7498/aps.69.20200357

* Project supported by the National Natural Science Foundation of China (Grant No. 2018 YFF0214904), the National Natural
Science Foundation of China (Grant No. 61975182), the Science and Technology Plan Project of Zhejiang Provincial (Grant
No. 2020C03095), and Key Research and Development Project of Zhejiang Lab (Grant No. 2019DEOKF01).

1 Corresponding author. E-mail: jinsz@cjlu.edu.cn

1 Corresponding author. E-mail: clc@mail.tsinghua.edu.cn

164201-16


http://doi.org/10.7498/aps.69.20200357
http://doi.org/10.7498/aps.69.20200357
mailto:jinsz@cjlu.edu.cn
mailto:jinsz@cjlu.edu.cn
mailto:clc@mail.tsinghua.edu.cn
mailto:clc@mail.tsinghua.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

