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Abstract: Quantitative phase imaging (QPI) during cell division is implemented by
ourhomemade dual-channel microscopic interferometry (DCMI) system. A pair of interfer-
ograms with a fixed phase shift of /2 is simultaneously captured by the DCMI system,
and two-step phase demodulation algorithm is employed for phase retrieval. By capturing
a sequence of paired-interferograms with the DCMI system, we achieve the dynamic QPI
during cell division, and then the cellular surface area, volume and the ratio of surface area
to volume (RSV) and their variations. Both the reliability and stability of the DCMI system
are verified. In addition to maintaining the advantages of optical interferometry, this DCMI
system is very suitable for dynamic QPI due to its rapid speed of phase retrieval. Importantly,
this DCMI based QPI method will supply a powerful tool for studying the precise mechanism
during cell division, differentiation, apoptosis and other dynamic processes.

Index Terms: Quantitative phase imaging, dual-channel microscopic interferometry, phase
shift, cell division.

1. Introduction

Along with the development of cell biology, it is urgently-needed to achieve dynamic quantitative
phase image (QPI), and calculate cellular surface area, volume, refractive index and dry mass
during cell division, differentiation, and apoptosis [1]-[5]. To date, many non-interferometry and
interferometry methods are introduced for QPI based on the different requirements, such as high
acquisition rate for high temporal resolution in flow imaging and mass profiling [6], [7], in situ
monitoring of growing adherent cells [8]-[10], living cell tomography [11], [12]. Since only one-frame
image requires to be collected, non-interferometry methods, such as the Shack-Hartmann [13]-
[15], Plenoptic sensor [16]-[18], have inherent advantages in dynamic data acquisition. However,
the use of micro-lens arrays and the limited number of pixels in sensors greatly restrict the
resolution of non-interferometry methods, and the situation would be worse when the small sample
is tested. Though someiteration based non-interferometry algorithms, such as Gerchberg—Saxton
and its descendent Fienup’s phase retrieval algorithms [19], [20], have been widely used, although
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their intrinsic mechanism isclear physically, they still difficult to achieve dynamic QPI due to a
large amount of calculations. In particular, failure of convergenceand stagnation of the iterates
making these algorithms hard to satisfy the dynamic QPI of living cell. Recently, based on the
light intensity analysis, the solution of intensity transfer equation (TIE) [21], [22] is introduced, in
which the quantitative phase information can be achieved from the transmission field distribution
of measured sample, but it is required to satisfy rigorous displacement of measured sample at
the focal plane, as well as the additional boundary condition and a large amount of calculations.
Therefore, these methods are still difficult to achieve accurate QPI of dynamic process [23].
Optical interferometry, revealing the advantages of high accuracy,non-destructive, high resolution
and label-free, is becoming a good candidate for QPI. Unlike the conventional phase contrast
microscopy (PC) [24] and differential interference contrast microscopy (DIC) [25] which are only
suitable for observing cells by human eyes [26], the intensity of a pixel in the interferometry
based QPI has direct physical meaning, making it ideal data for computer processing. Of all
the interferometry methods, the off-axis and spatial domain phase-shifting methods, in which the
Fourier transform [23] and Hilbert transform [27] are utilized to perform phase retrieval of measured
sample, but the corresponding accuracy is affected by the noise and size of filtering window.
To improve the accuracy, Mach-Zehnder interferometry [28], Michelson interference microscopy
[29], Linnik interferometry [30] are developed, and the reconstruction accuracy of the phase
and amplitude images from the recorded interferograms varies with the hardware configuration.
Overall,these technologies have achieved some cellular state characterization parameters, such
as dry mass [31], activity [32], intracellular homeostasis exploration and cellular apoptosis and
traction measurement [33], [34] with relative high accuracy. Specially, due to the advantage of
high accuracy, the dynamic QPI methods based on phase-shifting interferometry are developed,
in which the role issue is to capture several interferograms with different phase shifts by using
different methods, such as using different region of CCD or CMOS target [35], [36], or using the
polarized phase-shifting array template to create a photoelectric conversion array on the four pixels
as a unit and then form a pixel phase shifting camera with the phase shifts of =/2 [37], or splitting
multiple sub-interferograms with a certain phase shifts from one-frame interferogram with additional
spatial carrier [38]-[40]. In all above methods, though the simultaneous spatial phase-shifting
interferometry can be utilized to achieve dynamic QPI, the measuring accuracy is still not very
highdue to lowering down the resolution of the system [35], [36], or the very complicated fabrication
of the polarized phase-shifting array and errors due to the pixel mismatching [37], or the introduction
of spatial carrier whose spatial frequency limits the spatial frequency of the sample [38]-[40].

In this study, we implement the QPI during cell divisionby using a homemade dual-channel
microscopic interferometry (DCMI) system, in which a pair of interferograms with afixed phase-shift
of /2 is simultaneously captured and the phase of cell sample is calculated by two-step phase
demodulation algorithm. Using the proposed DCMI system, we achieve the dynamic QPI during
cell division.

2. Principle
2.1 Structure of Dual-channel Microscopic Interferometry System

Figure 1 shows the architecture of dual-channel microscopic interferometry (DCMI) system, in
which the micro-imaging subsystem consists of a sample stage, micro-objective and camera,
and the system lateral resolution depends on the numerical aperture of micro-objective. To solve
the spatial mismatch, the cameras were calibrated in five dimensions (x, Y, z, pitch, yaw) before
capturing interferograms.

For ease of understanding, we choose the Jones matrix to explain the principle of QPI by the

above DCMI system: Assuming [ 222" _$045) ] denotes the half-wave plate Jones matrix with

. . . . iain? i _j .
an angle o between the fast axis and horizontal direction, and [ Sfﬁzzfo:’;'(q fi) S'S'i‘n‘ég‘ﬁfégg ﬁ’)] is the

quarter-wave plate withan angle g between the fast axis ofand horizontal direction.
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Fig. 1. Sketch of dual-channel microscopic interferometry (DCMI) system. ND: neutral density filter; M1,
M2, M3: mirror; HWP1, HWP2: half-wave plates; QWP: quarter-wave plate; BS1, BS2: beam splitters;
PBS1, PBS2, PBS3: polarized beam splitters; BE: beam expander; MO: micro-objective.

If a linear polarization laserwith an angle 6 between polarization direction and horizontal direc-
tion, the corresponding Jones matrixcan be expressed as

o] o

Whenthe laser passesthrough HWP1, polarized beam splitter (PBS1), the corresponding Jones
matrix can be writtenby

00 || cos(2a1) sin(2ay) cosé | 0 @)

01 sin(2ay) —cos(2ay) sing |~ | sin(2ay — 0)
Here, PBS1 serves for two purposes: one is to produce two linear polarized light beams with
orthogonal polarization directions; the other one is to adjust the intensity ratio of reference beam

and object beam by combining HWP1. Thus, the object beam modulated by the sample can be
expressed as

[Aosin(2a1o— 0+ wo)] @)

where A, denotes the amplitude modulation function, ¢, is the modulated phase.
The linear polarization laser reflected by PBS1 (the reference beam) can be writtenas

[1 O} [cos(2a1) sin(2a) } [cos@] _ [cos(2a1 —9)] )
00 || sin(2ay) —cos(2ay) || sind | — 0

After the superposition of object beam and reference beam on a 5:5 beam splitter(BS1) and
passing through the HWP2

cos(2ap) sin(2a2) cos(2a1 — 0)
[ sin(2a2) —cos(2az2) | | AosSin(2a1 — 6 + ¢,)

| cos(2az) cos(2ay — ) 4 sin(2a2)A,Sin(2c1 — 6 + ) (5)
~ | sin(2a2) cos(2a1 — 0) — cos(2a2)A, SiN(2a1 — O + @,)
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After the filtering by the vertical polarizer P1, the incident light on the CCD1 can be expressed
as
Sin(2ap) €0S(20t1 — 0) — cOS(2w2) Ao SiN(20t1 — 0 + o) (6)
After the phase shiftsimplemented by QWP and the filtering achieved by the horizontal polarizer
P2, the incident beam on the CCD2can be writtenas
(cos2p + isin?B) cos(2az) cos(2aq — 6) + sin B cos B(1 — i) sin(2az) cos(2as — 6) 7)
+ [(cos2B + isin®B) sin(2az) — sin B cos B(1 — i) cos(2az)]A, Sin(2a1 — 6 + @,)

InEgs. (6) and (7), by setting the parameters 6 =0; oy =n/4; ax =7/8; B =m/4, we can
achieve a pair of incident beams with the phase shift of 7 /2, whichcan respectively be expressed
as

2

%_Ao COS ¢, (8)
2

i%Ao COS ¢, 9)

As the above analysis, the beams of two channels always maintains a fixed phase shift of 7/2
which is only determined by a set of angle parameters, this make it different from conventional
interferometry whose phase shift is generated in air retardation and is sensitive to vibration and air
turbulence, better resistanceperformance of the DCMI system on the vibration and other external
noise pave the way for long lasting stability and accuracy of QPI.

2.2 Phase Retrieval

The intensity distributions of a pair of interferograms with the phase-shift of 7/2 captured by two
cameras can be written as

h(x, y,t) = A(x, y) + B(x, y) cos[go(x, ¥, t)] (10)
b (x,y,t) = A(x,y) + B(X, y) cos[po(X, y, t) + 7 /2] (11)

Here, A(x,y) and B(x,y) represents the background and modulation depth respectively. In
general, A(x, y) can be considered as anunchanged parameter. In order to remove thebackground
A(x, y), a pair of interferograms of culture dish and medium without cell sample are captured to
calculatethe background phase (Figs. 2(a) and (b)). Then, another pair of interferograms of culture
dish and medium with cell sample are captured (Figs. 2(c) and (d)). After performing the subtraction
operation from equation (10) and (11), the measuredphase can be expressed as

QD(X, Y, t) = _arCtan[IZ(Xv Vs t)/l1 (X’ Y, t)] (12)

Where, the modulation depth B(x, y), which was determined by the ratio of object beam and
reference beam and is usually inconsistent, was normalized in equation (12) thus improving the
signal to noise ratio and contrast of the whole frame. It should be noticed that usually the 2D
phase unwrapping should be carried out before phase retrieval due to the phase ambiguity in both
space and time domain.In the case of our DCMI system and cell measurement, the high resolution
in space and time domain from the objective lens and high frame rate, satisfies the condition of
Itoh’s phase unwrapping algorithm [41] where no phase jump of more than one wavelength occurs
between the two pixelsor two frames. Thus, the phase unwrapping can be obtained by performing
linear integration of the phase gradient.

Finally, the relationship between the phase and height of the measured sample can be expressed
as

ro(x,y,1)

hx. 1. 1) = 27 (N — no)

(13)
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Fig. 2. Experimental result of a living cell with the proposed DCMI system, a pair of interferograms
of culture dish and medium (a) (b) without cell; (c) (d) with cell; (e) (f) the wrapped phase distribu-
tions without and with cell, respectively; 3D topographic distributions of a living cell implemented by
(9) (h) without and with the edge extraction, respectively; in which the size of interferograms is 400 x
400 pixels.

where n denotesthe refractive index of cellular dry mass which is directly related to the measured
phase and is a good indicator for cell growth; ng represents the refractive index of culture medium,
and A is the laser wavelength.

Subsequently, the surface area of a living cellcan bedetermined by

s =Y W (14)
N(t)

Then, the volume of a living cell can be calculated by

V(t) = Zw (15)

where L(x, y, t) represents the length of cell profile curve of one pixel, Al denotes the size of one
pixel;AS represents the surface area of one pixel; M represents the lateral magnification of DCMI
system; N(t) represents the total pixels number of cell at the moment of ¢.
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Fig. 3. (a) Topographic distribution of a living CT-26 cell; for a long measuring time; (b) the height
variations of three points A, B, C marked in (a) with the average heights of A(M(A)), B(M(B)), C(M(C))
and the standard deviations of SD(A), SD(B), SD(C), respectively; (c) the variation of surface area with
the mean surface of M(S) and the standard deviation of SD(S); (d) the volume variation with the mean
volume of M(V)) and the standard deviation of SD(V)), in which 1 fL denotes 1 um3.

2.3 Stability Testing

Experiment are employed to verify the stability of DCMI system. First, a frequency stabilized
He-Ne laser with wavelength of 632.8 nm and micro-objective with NA of 0.4 and magnification
of 25 are employed. In our experiment, the magnification of DCMI system is set as 72. Two
same cameras (MTV-1802CB) with pixel size of 10 um x 10 um are utilized to capture a pair
of interferograms with the phase shift of 7/2 using the speed of 25-frame/second. Immobilized
mouse colon cancer cell (CT-26) is chosen as the measured sample. Experiment is carried out
on a vibration-isolated platform, and 100-pair interferograms are captured, and the cellular phase
and topographic information are calculated according to the above method, as shown in Fig. 3(a).
And from Figs. 3(b), it is found that for a long measuring time, the single point result of repeated
measurement reveals the low standard deviation, indicating the good stability of proposed DCMI
system. Moreover, Figs. 3(b) and 3(d) shows that the low standard deviations for both cellular
surface area and volume, further revealing the good stability and high accuracy of proposed DCMI
method.

3. QPI During Cell Division

Following, by capturing a sequence of paired interferograms during cell division, we will perform
dynamic QPI during a CT-26 cell division by using our DCMI system. First, the experimental
parameters are set as the same as Section 2.3, and a closed laboratory with the temperature
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Camera 1
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Camera 1

Fig. 4. Six paired-interferograms during a CT-26 cell division captured by the DCMI system, in which
the size of interferogram is 400 x 400 pixels.

of 35°C and humidity at 50% is utilized to maintain the activity of living CT-26 cells. Second, a
sequence of paired interferograms are captured with the speed of 3-frame/minute during CT-26
cell division, in which CT-26 cells are cultured in the chamber cover glass with the thickness of
0.5 mm. After CT-26 cells are attached to chamber cover glass, we will capture a sequence of
paired interferograms by using DCMI system. As described in Section 2.2, to achieve actual cell
phase, we first need to capture a pair of interferograms of culture dish and medium without CT-26
cell to remove background, and then record a sequence of paired interferograms during CT-26 cell
division. Fig. 4 shows six paired-interferograms during a CT-26 cell division. Note that the captured
area of six paired-interferograms is unchanged.

4. Results and Discussion

Two-step phase demodulation algorithm is utilized to calculate dynamicphase, and then the
topographic information of measured living cell can be determined. Fig. 5 shows the dynamic
topographic variation during a CT-26 cell division. For clarity, we also supply a Video File |
(supplementary material) to visualize topographic variation during a CT-26 cell division, in which
the division time of a CT-26 mother cell to two daughter cells is about 680 min.

Using Egs. (15) and (16), we can achieve the quantitative variation of surface area and volume
during a CT-26 cell division, as shown in Figs. 6(a) and (b). Interestingly, it is found that the total
surface area and volume fluctuates before and after a mother cell division into two daughter cells.
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Fig. 5. Topographic variation during a CT-26cell division, in which the division time of a CT-26 mother
cell to two daughter cells is about 680 min.

TABLE 1

Average Surface, Volume, and SVR of Cells Before and After the CT-26
Cell is Divided Into Two Daughter Cells

Cell Cell 1 Cell 2
S (um?) 1191.6 673.5 518.1
vV (um®) 3671.1 2057.7 1613.4
SVR 0.327 0.327 0.321

After the mother cell division into two daughter cells, their surface area and volume are different,
indicating that the achieved material amount of two daughter cells from mother cell are different.

Also, we can achieve the dynamic variation of the surface to volume ratio (SVR) during a CT-26
cell division into two daughter cells, shown in Fig. 6(c), in which SVR is an important parameter to
represent the cellular vitality or exchange ability with the external material (culture medium) [42],
[43]. Specially for our study, the parameter SVR, which represents the cell roundness, reveals the
active transport of lipid droplet [44], larger SVR value indicates the flat cell with low lipid droplet
transport and small SVR value indicates round cell with high lipid droplet transport rate. As we
can see from Fig. 6(c), fluctuations are always existing and period fluctuations were observed from
620minutes to 645 minutes, this may suggest that steroid synthesis (steroidogenesis) [45], [46]
during CT-26 cell division is not smooth and continuous. From the proposed QPI technology of
DCMI system, it is found that the cell surface and volume dynamic measurement have an accuracy
of sub-um2 and um3 respectively. As shown in the Table 1, although both the surface and volume
of daughter cell differ greatly with mother cell, the SVR remains the same level to each other,
indicating that the state of daughter cell is the same with the mother cell and the daughter cells is
successfully survived after division.

As shown above, we achieved the dynamic QPI during cell division and the related parameters
with high accuracy, high resolution, high stable and real-time performance. Indeed, by adjusting the
polarization components of DCMI system, the phase shift between thepaired-interferograms was
fixed to n/2,the synchrony mechanism and simultaneous capturing of these paired-interferograms
will avoid the external noise such as vibrations and air turbulencewhich usually appeared in
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Fig. 6. Topographic information variation during a CT-26 cell division (a) the surface area variation of
a CT-26 cell with time; (b) the volume variation of a CT-26 cell with time; (c) SVR variation of a CT-26
cell with time, in which the green and blue lines represent the data for mother cell and daughter cell,
respectively.

the conventional methods. At the meanwhile, such fixed phase shift interferograms has advan-
tage in phase retrieval by using less computing time and minimizing influence of interferograms
inconsistence.

5. Conclusion

In this study, the QPI during cell division is implemented by our homemade DCMI system. First,
by capturing a pair of interferograms with the phase shift of z/2 with the DCMI system and
two-step phase demodulation algorithm, we can achieve the QPI of a livingcell, and calculate the
cellular surface area, volume and the ratio of surface area to volume (RSV) and their variations.
Subsequently, by capturing a sequence of paired-interferograms during cell division, we achieve
dynamic QPI during cell division. It is found that before a mother cell division into two daughter
cells, the total surface area and volume remain unchanged; after the mother cell division into two
daughter cells, their surface area and volume are different, indicating that the achieved material
amount of two daughter cells from mother cell are different. Specially, the detail SVR calculation
shows that the cell roundness fluctuates mightrevealthe non-sustainability of steroid synthesis
during cell division. In addition, in the last period of cell division, the SVR of daughter cell is close
to that of mother cell, indicating that the state of daughter cell is the same with the mother cell and
the division is successful. Both the reliability and stability of proposed DCMI method are verified.
In addition to maintaining the advantages of optical interferometry, the proposed DCMI method is
very suitable for QPI of dynamic process due to its rapid speed of phase retrieval. Importantly, this
DCMI system will supply a powerful tool for QPI during cell division, differentiation, apoptosis and
other studying dynamic processes in living cells.
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