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Quantitative phase microscopy (QPM), as a label-free and nondestructive technique, 
has been playing an indispensable tool in biomedical imaging and industrial 
inspection. Herein, we introduce a reflectional quantitative differential phase 
microscopy (termed RQDPM) based on polarized wavefront phase modulation and 
partially coherent full-aperture illumination, which has high spatial resolution and 
spatio-temporal phase sensitivity and is applicable to opaque surfaces and turbid 
biological specimens. RQDPM does not require additional polarized devices and can 
be easily switched from reflectional mode to transmission mode. In addition, RQDPM 
inherits the characteristic of high axial resolution of differential interference contrast 
microscope (DIC), thereby providing topography for opaque surfaces. We 
experimentally demonstrate the reflectional phase imaging ability of RQDPM with 
several samples: semiconductor wafer, thick biological tissues, red blood cells 
(RBCs), and Hela cells. Furthermore, we dynamically monitor the flow state of 
microspheres in a self-built microfluidic channel by using RQDPM converted into the 
transmission mode.  
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The development of microscopy invites breakthroughs in life 
science and industrial inspection. Optical microscopy, 
especially fluorescence microscopy, develops rapidly, 
providing a versatile tool for visualizing structures of interest 
[1-6]. Meanwhile, reflectional imaging techniques are needed 
to acquire 3D profiles of strong scattering biological samples 
or opaque industrial devices. 

Optical coherence tomography (OCT) based on low 
coherence interference is a mature label-free microscopic 
technology for imaging deep tissues without phototoxicity 
and photobleaching, and it is now gradually becoming one of 
the important medical diagnosis devices [7, 8]. With the 
phase information preserved in OCT recovered by solving the 
inverse scattering problems, one can visualize the transparent 
structures with high contrast [9]. Quantitative phase 
microscopy (QPM) recovers the structure of a sample by 
exploiting the phase information of object wave from the 
sample. QPM works in a noninvasive and label-free manner, 
and it has tremendous applications in life science research 
and quality inspection of micro-nano devices [10, 11]. 
Among different QPM approaches, digital holographic 
microscopy (DHM), combining optical interference and 
digital processing, can get access to the sample’s amplitude 
and phase information [12-18]. The poor stability in 
traditional off-axis DHM is overcome by using a common-
path point diffraction configuration [15]. The fringe contrast 
and phase recovery accuracy of point-diffraction DHM are 
improved by using a polarized grating and the partially 
coherent illumination [14, 18]. While, such point-diffraction 
DHM still suffers from its limite spatial resolution. The 
spatial resolution, as well as the tomographic imaging 
capability, of DHM can be dramatically improved by using 
oblique illumination and frequency spectrum projection based 
reconstruction [16, 17]. However, the price for this is the 
reduction of temporal resolution. Furthermore, confocal 
DHM based on a Mirau objective lens can detect the turbid 
translucent tissue without additional staining [19]. Overall, 
DHM has been widely applied in quantitative imaging of 
thick tissues or opaque samples, while it still faces tradeoffs 
among spatial resolution, temporal resolution, and phase 
sensitivity. It is meant that conventional DHM can only 
guarantee a high spatial resolution or high temporal 
resolution, not the two at the same time. 

In recent years several compact and low-cost QPM 
approaches based on light emitting diodes (LEDs) have been 
proposed, which can provide phase maps with high image 
quality for different types of samples. Among these 
approaches, Fourier ptychographic microscopy (FPM) 
performs phase imaging with a high spatial resolution and a 
large field of view (FOV) at the same time [20-23], by 
utilizing multidirectional illuminations and an iterative 
computational technique. Recently, reflective FPM has been 

implemented for opaque samples by using a parabolic mirror 
and a dark illuminator [24, 25]. Generally, FPM is low-cost 
and easy to implement, while it requires dozens of raw data 
and thereby has a limited temporal resolution. Furthermore, 
quantitative differential phase contrast (qDIC) microscopy 
using asymmetrical partially coherent illumination from an 
LED array was proposed, which was implemented in both 
transmission and reflective modes for different types of 
applications [26-28]. This method qDIC is also low-cost, 
while in qDIC the maximum illumination angle should be 
close to the maximum NA-limited angle of the detection 
objective lens. Otherwise, the low-frequency sample 
information will be lost. Moreover, QPM based on recording 
diffraction intensities at different axial positions, for example, 
transport of intensity equation (TIE) based QPM, has been 
playing an important role in the quantitative phase imaging 
domain owing to its unique characteristics of ease of 
implementation [29, 30]. Recently, a specially constructed 
prism was utilized to simultaneously acquire multiple 
diffraction intensities of a sample at different axial planes, 
from which the high-resolution 3D phase distribution of the 
sample is then calculated [31].  

The invention of spatial light interference microscopy 
(SLIM) is a critical leap in the development of phase contrast 
microscopy, or specifically, an evolution from qualitative 
display to quantitative analysis [32-35]. Owing to the 
common path structure and wide-spectrum illumination, 
SLIM has been extensively used in cell growth, cell 
migration, and drug screening, etc. Later, by using an annular 
LED illuminator, our group proposed flat-fielding 
quantitative phase contrast microscopy (FF-QPCM) for long-
term continuous observation of organelles inside live cells 
including their dynamics, such as mitochondria and 
endoplasmic reticulum [36]. FF-QPCM has a remarkable 
spatiotemporal resolution of 245 nm and 250 FPS. In 
addition, reflective quantitative phase contrast microscopy 
(RQPCM) was then implemented for phase imaging of 
opaque surfaces [37]. Since the unscattered frequency 
components of a sample need to be phase modulated in FF-
QPCM and RQPCM, strong scattering samples with very few 
unscattered components are not applicable in these methods. 
To impart excellent optical sectioning capability to QPM, 
Popescu et al. proposed gradient light interference 
microscopy (GLIM) that incorporates phase-shifting 
operation into a commercial Nomarski differential 
interference contrast microscope (DIC), rendering the 3D 
tomography of embryos [38]. Subsequently, reflective GLIM 
was implemented for opaque samples [39]. It is remarkable 
that the usage of the Wollaston prism limits the potential of 
GLIM to some extent. On the other hand, phase imaging 
based on quadri-wave lateral shearing interferometry requires 
only one measurement to recover the phase information of a 
sample by means of an orthogonal carrier-frequency 
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multiplexing strategy [40]. The spatial resolution of this 
method is still limited due to the plane-wave illumination. 

In this work, we introduce a new reflectional quantitative 
differential phase microscopy (RQDPM) based on polarized 
wavefront phase modulation. RQDPM utilizes the 
polarization-dependent characteristic of a phase-type SLM to 
divide the object wave into two identical copies with a certain 
shear distance. When loading different modulation images to 
the SLM, DIC images with different shearing directions and 
phase shifts can be obtained. Owing to the partially coherent 
full-aperture illumination and common path interference 
structure, RQDPM possesses high spatio-temporal resolution 
and phase sensitivity. We demonstrate the quantitative phase 
imaging capability of RQDPM by imaging a semiconductor 
wafer, thick biological tissues, human RBCs, and Hela cells. 
Furthermore, we demonstrate that RQDPM converted into 
transmission mode can be used as a real-time and high-
sensitivity tool for monitoring the flow speed of microspheres 
in a microfluidic channel. We imagine that our system will 
contribute to life science and industrial inspection. 

2 |  METHODS  

2.1 | RQDPM system and phase recovery principle  

The schematic diagram of RQDPM is shown in Figure 1, 
where a narrow-band LED (470 ± 20 nm, central spectrum ± 
half-width) is used as the illumination source. A diffuser 
(Diff) is placed close to the LED, and it is exactly at the focal 
plane of lens L4. The emitted light from LED is scattered by 
the diffuser and is collimated into different phase waves in 
different directions. The diffuser is imaged onto the pupil 
plane of the objective lens by a telescope system L4-L1, and 
hereby an extended light source with full-aperture 
illumination is formed. Then the sample is illuminated at 
different angles spanning the numerical aperture range of the 
objective lens, and therefore the spatial resolution is 
maximized. Notably, a beam splitter (BS) is placed on the 
imaging plane instead of the Fourier plane to make the system 
more compact. The adverse effect of the scratches or dirty 
spots brought by the beam splitter can be suppressed by 
subtracting the background phase image that is obtained in 
the absence of a sample. For opaque samples, the illumination 
beam illuminates the sample from the bottom, and the wave 
reflected by the sample is then collected by the same 
objective lens. For some transparent samples, to verify the 
system’s performance, a mirror M1 is placed on top of the 
sample, so that the reflected object wave contains the 
transmittance information of the sample. For both cases, the 
collected object waves are then magnified and relayed by two 
telescope systems Obj-L1 and L2-L3 to a sCMOS plane (Zyla 
4.2, Andor, UK). In the middle Fourier plane of L2-L3, a 
reflective phase-type spatial light modulator (MSP1920-400-
800-HSP8, Meadowlark Optics, USA) is positioned to 

modulate the spectrum of the object wave. To form a shearing 
interferometer, two linear polarizers P1 and P2 are installed 
before and after the spatial light modulator (SLM) with their 
polarization direction ~ 45o with respect to the action axis of 
the SLM (x-axis). Notably, the phase-type SLM has the 
unique characteristics of polarization-dependent modulation. 
Specifically, it only modulates the x-polarized light, while it 
only acts as a plane mirror for the y-polarized light. As a 
result, when a linear phase map is loaded to the SLM, two 
copies of object waves will be generated with a shear distance 
in-between, as shown in Figure 1. And the shear vector can 
be expediently adjusted by changing the slope and inclination 
direction of the linear phase map. Without loss of generality, 
the phase map loaded to the SLM can be normally expressed 
as:  

 0
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where 𝑟𝑟=(x, y) is the transverse spatial vector on the SLM 
plane, 𝑟𝑟0=(𝑥𝑥0, 𝑦𝑦0) the shear vector on the sCMOS plane, λ the 
central wavelength of the LED, f3 the focal length of the lens 
L3, and δφi = 0, 0.5π, π, and 1.5π is the phase shift in the ith 
phase shifting operation. Wr{·} denotes the wrapping 
operation that folds the phase in [0, 2π]. When the SLM loads 
the pattern expressed in Equation 1, the final object waves 
arriving at the sCMOS plane are the summation of two copies 
of object waves without and with a lateral shear 𝑟𝑟0, and 
therefore the corresponding intensity distribution on the 
sCMOS plane can be written as: 
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with 𝑅𝑅�⃗ =(x', y') being the transverse spatial vector on the 
sCMOS plane, s(𝑅𝑅�⃗ ) and s(𝑅𝑅�⃗ -𝑟𝑟0) the object waves without and 
with a shear. And ∆𝜑𝜑(𝑅𝑅�⃗ )=𝜑𝜑(𝑅𝑅�⃗ -𝑟𝑟0)-𝜑𝜑(𝑅𝑅�⃗ ) is the phase 
difference between the two overlapped object waves s(𝑅𝑅�⃗ -𝑟𝑟0) 
and s(𝑅𝑅�⃗ ). One can simply adjust the lateral shear 𝑟𝑟0 by 
changing the slope and inclination direction of the phase 
pattern on the SLM. The phase difference ∆𝜑𝜑(𝑅𝑅�⃗ ) can be well 
solved from the recorded I1, I2, I3, and I4 by using the phase 
shifting algorithm. Then, the phase derivative of the sample 
∇𝑟𝑟𝜑𝜑(𝑅𝑅�⃗ ) along the r-direction can be approximated as the 
quotient of the phase difference ∆𝜑𝜑(𝑅𝑅�⃗ ) and the related shear 
shift when the shear is about half of the lateral resolution of 
the system [38,39,41].  
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FIGURE 1 Schematic diagram of RQDPM. 3D drawing (A) and 2D 
line sketch (B) of the system. Yellow light represents the 
illumination beam while blue one the reflected object waves. BS, 
beam splitter; Diff, diffuser; L, lens; M, mirror; Obj, objective lens; 
P, polarizer; S, sample; SLM, spatial light modulator; sCMOS, 
scientific complementary metal oxide semiconductor. 

 

In practice, we obtain the phase derivatives ∇𝑥𝑥𝜑𝜑(𝑅𝑅�⃗ ) and 
∇𝑦𝑦𝜑𝜑(𝑅𝑅�⃗ ) along the x-axis and y-axis by choosing 𝑟𝑟0 along the x 
and y directions in sequence. Then, the quantitative phase 
distribution of the object wave is obtained by integrating the 
two phase derivatives with the Frankot-Chellappa algorithm 
[42]: 
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Here, ℑ {·} and 1−ℑ {·} represent the forward and inverse 
Fourier transforms, and 𝑘𝑘�⃗ =(𝑘𝑘𝑥𝑥, 𝑘𝑘𝑦𝑦) is the transverse 
frequency vector on the sCMOS plane. α is a regulation 
parameter to prevent the denominator from approaching zero 
near the low-frequency region, which is conducive to 
background homogenization. Equation 3 implies that 
RQDPM can recover the phase distributions of samples 
quantitatively in the reflectional mode. Furthermore, the 
combination of phase shifting operation and partially 
coherent illumination from the diffused LED can suppress the 
multiple scattering from turbid structures [39], yielding a 

high-quality phase image. Notably, gradient light interference 
microscopy (GLIM) [38] uses a Wallaston prism to generate 
two copies of object waves with a lateral shear, and then uses 
a SLM to perform phase shifting by introducing phase delay 
to one of the object waves. In GLIM, phase derivative along a 
single direction was generated, from which the phase is 
reconstructed. By contrast, our RQDPM uses a SLM to 
generate DIC interferograms along two orthogonal directions 
by loading different phase masks in sequence, enhancing 
phase reconstruction accuracy, simplifying the system, and 
making the system easier to couple with other imaging 
modes. 

In addition, our RQDPM can easily switch between the 
reflection and transmission modes, which share the same 
detection path. The transmission mode requires an extra 
annular illuminator containing several LEDs, and the details 
can be found in our previous work [41]. In contrast to the 
transmission mode, RQDPM operates at the full-aperture 
illumination, and uses the same objective lens for 
illumination and detection simultaneously. This not only 
maximizes the frequency coverage range but also opens the 
door to integration with other imaging technologies. It should 
be noted that a mirror is placed on top of the sample to 
provide a reasonable reflectional wave when RQDPM is used 
for imaging transparent samples in the reflection mode. In 
this case, the light beam passes the sample twice compared 
with the transmission quantitative differential phase 
microscopy (TQDPM) [41]. On one side, this can enhance the 
sensitivity to the phase retarder of the sample. On the other 
side, this could possibly cause additional disturbing 
diffraction patterns from the sample or image disturbances in 
case the incident light is not passing the sample exactly 
perpendicular to the sample plane. Though the phase recovery 
principle of RQDPM and TQDPM is the same, RQDPM 
benefits full-aperture illumination for any type of objective 
lens to maximize the spatial resolution, which is impossible in 
TQDPM unless it uses a water-immersion condenser 
objective lens with a high numerical aperture. Therefore, 
when the spatial resolution permits, it is recommended to use 
TQDPM [41] to image transparent samples. It is also worth 
comparing RQDPM with reflective quantitative phase 
contrast microscopy (RQPCM) [37]. In RQPCM, only the 
unscattered components are phase modulated, which prevents 
its application from strong scattering samples with very few 
unscattered components. While, RQDPM is based on DIC 
concept implemented by using polarized wavefront phase 
modulation on the pupil plane. RQDPM does not require 
precise modulation to specific frequency components, and 
therefore, it is more suitable for samples with different 
degrees of scattering compared to RQPCM.  

2.2 | System calibration  

The accurate phase modulation of the SLM is crucial for 
phase imaging and phase recovery of RQDPM. We determine 
the phase response curve of the SLM versus the loaded gray 

 18640648, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jbio.202200325 by N

anjing U
niversity O

f Science, W
iley O

nline L
ibrary on [12/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



  
 

level through a self-interference method [43]. To be specific, 
a mirror is used as the sample to reflect the illumination light 
to the SLM. Meanwhile, an additional lens is provisionally 
mounted between the sCMOS and lens L3 for imaging the 
SLM plane to the sCMOS camera. The gray level of the SLM 
pixels increases from 0 to 255 step by step, and the modulated 
light by the SLM interferes with the light plainly reflected 
(unmodulated light) by the SLM. The camera records the 
interference patterns one by one. Then, the look-up table 
(LUT) between the intensity of the interference pattern and 
the loaded gray level is obtained and shown as the black 
curve in Figure 2B. The relation between the generated phase 
and the loaded gray value can be calculated from the intensity 
curve, and the result is shown with the red curve in Figure 
2B. Eventually, any desired phase value can be generated on 
any pixel of the SLM. For instance, the images in Figure 2A 
show four phase patterns 𝜑𝜑𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟,𝑐𝑐(𝑟𝑟, 𝛿𝛿𝜑𝜑𝑐𝑐) with δφi switched 
four times (0, 0.5π, π, and 1.5π) when the shear is along the x-
axis. It should be noted that all phase values loaded to the 
SLM should be wrapped between 0 and 2π to accommodate 
the effective range of the SLM, as shown in Figure 2A.  

 
FIGURE 2 Calibration of RQDPM. (A) Four wrapped phase 
patterns 𝜑𝜑𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟,𝑐𝑐(𝑟𝑟, 𝛿𝛿𝜑𝜑𝑐𝑐) loaded to the SLM for generating the 
shear along the x-axis. (B) Normalized intensity (black) and phase 
value (red) of a SLM pixel in response to different gray level loaded 
to the SLM. (C) Images of a particle without and with the shear 
along x- and y-axes. A shear of twice the lateral resolution of the 
system was set. (D) Normalized mean intensity values of the two 
shear images of the same particle formed by the modulated light 
(red) and unmodulated light (blue) with respect to the angle between 
polarizer P2 and the x-axis. 

 

On the other hand, reflective SLMs have different 
reflection efficiency for the linear polarized light in different 
directions. Specifically, the SLM modulates only the x-
polarized light and has no effect on the y-polarized light. 

Therefore, when the polarizer P2 is installed with its 
polarization azimuth 45o with respect to the x-axis, two shear 
images for a single particle are formed. One is from the 
modulated light, while the other one is from the unmodulated 
light, as is shown in Figure 2C. To quantitatively analyze the 
polarization-dependent phase modulation effect of the SLM, 
we rotated polarizer P2 step by step and measured 
synchronously the mean intensity of the two shear images of 
the same particle in Figure 2C, and the result is shown in 
Figure 2D. Clearly, the two intensity curves change with the 
angle in the opposite way. When the angle between polarizer 
P2 and the x-axis is about 51o, the two images have almost the 
same intensity. Therefore, to ensure the accuracy of the phase 
recovery, we keep the angle of the polarizer P2 as 51o in the 
subsequent experiments. 

2.3 | Sample preparation  

RQDPM has been applied to imaging a variety of samples, 
including polystyrene microbeads, fixed Hela cells, and 
mouse submandibular gland tissue slices, etc. For the 
polystyrene microbeads sample, 1 µL of 1-μm polystyrene 
microbeads stock solution containing 5% solid content was 
diluted into 2000 µL of deionized water and shaken evenly by 
a vortex mixer at 1000 revolutions per minute for 2 minutes. 
The homogenized solution was then transferred to a glass-
bottom petri dish (FD5040-100, World Precision Instrument, 
USA) and incubated for 30 min at room temperature. Due to 
the gravity and the poly-D-lysine coating the microbeads on 
the glass surface were immobilized stably. 

The Hela cells in Figure 9 (CL-0101, Procell Life Science 
& Technology, China) were cultured in DMEM medium (TM 
41090036, Gibco) containing 10% FBS (SF0007001, 
HyClone) and 1% penicillin–streptomycin (J200049, 
HyClone). Then, the cells were moved to a glass-bottom petri 
dish (FD5040-100, World Precision Instrument, USA) at 37 
oC with 5% CO2 for 24 hours before being fixed with 4% 
formaldehyde. 5-μm polystyrene microbeads (DRM05, Huge 
Biotechnology, China) were poured on the inner edge of the 
petri dish to support the mirror M1 when the fixed Hela cells 
were imaged with RQDPM. The cell-coated glass bottom of 
the petri dish fits the working distance of the air objective 
lens (20×/0.3, Leica, Germany). 

The mouse submandibular gland tissue slices in Figure 6 
were prepared from a 6-week-old rat. The obtained glands 
from a rat after euthanasia were frozen in an optimal cutting 
temperature compound (SAKURA, Japan) at -20 ℃ for 30 
minutes. The frozen submandibular glands were then cut into 
7-μm slices by Cryastat (CM1850, Leica) and placed onto the 
glass bottom of a petri dish. The tissue slices were then fixed 
with cold acetone for 15 minutes and rinsed in phosphate 
buffer saline (PBS) before being imaged with RQDPM.  
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The human blood samples were collected according to the 
routine collection procedure, and 10 µL of the original blood 
was dropped onto the surface of a 70 mm × 25 mm slide. 
After that, a 20 mm  × 20 mm coverslip was put onto the 
blood and left for 30 min at room temperature. Then a human 
blood smear containing the red blood cells (RBCs) in Figure 
7 was obtained. The thickness of the slide and the coverslip 
are both 0.17 mm. When the prepared blood sample is imaged 
with RQDPM, the side of the slide faces the objective lens, 
while the mirror M1 is placed onto the coverslip. In this case, 
RBCs in the blood sample are within the working distance of 
the air objective lens (20×/0.3, Leica, Germany). 

3 |  RESULTS 

3.1 | Quantitative phase imaging of polystyrene 
microbeads  

To validate the quantitative phase imaging capability of 
RQDPM, we measured 1-μm diameter polystyrene 
microbeads (DRM01, Huge Biotechnology, China). The 
microbeads are prepared according to the procedure in Part 
2.3 and covered by a mirror M1 when imaged with RQDPM. 
Therefore, the scattered waves from these microbeads are 
reflected and collected from the bottom, as shown in Figure 1. 
It should be noted that the measured phase value in RQDPM 
is twice the expected value, and it is expressed as 
𝜑𝜑(𝑅𝑅�⃗ )=4π∙ℎ(R��⃗ )∙�𝑛𝑛(𝑅𝑅�⃗ )-𝑛𝑛0�/λ, with 𝑛𝑛0 being the refractive index 
(RI) of the surrounding medium, 𝑛𝑛(𝑅𝑅�⃗ ) and ℎ(R��⃗ ) the RI and 
height distributions of the sample. In the following 
experiments, we divide the phase value calculated in RQDPM 
by 2 to be consistent with its expected value. Figure 3A and 
Figure 3B are the calculated phase derivatives of a microbead 
along the x- and y-directions by RQDPM. And Figure 3C 
shows the recovered phase distribution of the microbead. A 
line crossing the bead through its center is extracted, and the 
phase distribution along the line is shown in Figure 3D. And 
the theoretical phase profile crossing the microbead center is 
shown as the red curve, from which we can clearly find that 
RQDPM can accurately recover the phase distribution of a 
microbead. The results imply that RQDPM can quantitatively 
recover the phase map of a sample with high signal-to-noise 
(SNR) ratio, which attributes to the partially coherent 
illumination and common path interference structure of 
RQDPM.  

 

FIGURE 3 RQDPM imaging of a 1-μm polystyrene microbead. (A) 
Phase derivative along the x-axis. (B) Phase derivative along the y-
axis. (C) Recovered phase map of the microbead. (D) Phase curve 
along the blue line in (C) with the red curve being the theoretically 
expected plot. The scale bar in (C) represents 0.5 μm. 

3.2 | Quantitative morphology detection of opaque 
semiconductor wafer by RQDPM 

With RQDPM, we performed non-contact imaging of an 
opaque semiconductor wafer, whose surface has many 
nanostructures generated via lithography. In this experiment, 
RQDPM was equipped with a 20×/0.3 objective lens. The 
actual semiconductor wafer exhibits colorful reflections on its 
surface due to the chromatic diffraction of nanostructures on 
white light, as shown in Figure 4A. There are many step-alike 
architectures on the wafer’s surface. Using RQDPM, we 
reconstructed the 3D morphology of the step architectures, as 
shown in Figure 4B. The statistical data indicates that the 
height of the step structures is 1.2 ± 0.1 μm (mean ± s. d.). 
Interestingly, we find that there are many dot structures 
periodically distributed on the wafer surface, as shown in 
Figure 4C. Figure 4D shows the magnified image of two dot 
structures that are marked with a white box in Figure 4C, and 
the height profile along the blue line is shown in Figure 4E. 
When we analyzed dozens of dot structures by taking the cut 
lines crossing their centers and fitting the lines with Gaussian 
functions, the statistic tells that their diameter and height are 
1.5 ± 0.1 μm and 100 ± 10 nm, respectively. In our previous 
work, we combined nano-imprinting strategy and 
transmission quantitative differential phase microscopy 
(TQDPM) to realize the high-sensitivity 3D inspection of 
silicon semiconductor wafers [41]. And as is mentioned 
before that RQDPM can be easily switched from reflectional 
mode to transmission mode, we use RQDPM and TQDPM to 
detect the same wafer for comparison. The comparison tells 
us that RQDPM can provide the topography for an opaque 
semiconductor wafer with a nanoscale axial sensitivity 
comparable to that of TQDPM. 
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FIGURE 4 Quantitative phase imaging of a semiconductor wafer by 
RQDPM. (A) Real image of the semiconductor wafer. (B) A 
representative 3D morphology of step structures in (A). (C) Two-
dimensional height distribution of dot structures. (D) Enlarged view 
of two dot structures that are marked with a white box in (C). (E) 
Height distribution (blue) along the blue line in (D) and its Gaussian 
fitting (red). The scale bar in (C) represents 14 μm. 

3.3 | Quantitative phase imaging of thick biological 
specimens by RQDPM 

RQDPM was further verified for quantitative phase imaging 
on thick biological tissue slices by using different types of 
objective lenses. First, a slice of a balloon flower stem and a 
fly leg are successively imaged with RQDPM equipped with 
a 20×/0.3 objective lens. Figures 5A-C are the results of a 
balloon flower stem cross-section. The upper and lower 
panels in Figure 5A are the calculated phase derivatives along 
the x- and y-axes. Figure 5B is the reconstructed phase image, 
of which a tubular structure marked with a white box is 
enlarged in Figure 5C. Notably, sieve tubular structures can 
be visualized with high contrast by RQDPM, as demonstrated 
in Figure 5C. Then a cross-section of a fly leg was imaged 
with RQDPM. The two images in Figure 5D are the phase 
derivatives along the x- and y-axes, and Figure 5E the 
reconstructed phase image. Interestingly, fluffs that function 
as precision sensor on the leg are clearly visible, and of note, 
Figure 5F shows some smaller ones with a mean diameter of 
~ 1 μm. These two typical examples confirm that RQDPM 
with an air objective lens acts as a versatile tool for the 
observation of biological samples in reflectional mode, with 
which high-quality phase images of thick biological samples 
can be obtained.  

 
FIGURE 5 RQDPM imaging of thick biological tissue slices by 
using an air objective lens. Phase derivatives of the cross sections of 
a balloon flower stem (A) and a fly leg (D) along the x- and y-axes. 
Reconstructed phase maps of the balloon flower stem cross-section 
(B) and the fly leg cross-section (E). (C) and (F) are enlarged views 
of the areas marked with a white box in (B) and a black box in (E). 
The scale bars in (B), (C), (E), and (F) represent 24 μm, 5 μm, 55 
μm, and 5 μm, respectively. 

 

Moreover, RQDPM equipped with an oil immersion 
objective lens (100×/1.44) was used for imaging a mouse 
submandibular gland tissue slice. Such tissue slice has a 
thickness of ~ 7 μm, and it was prepared according to the 
protocol in Part 2.3. Figure 6A shows the phase derivatives of 
the tissue slice along the x- and y-axes, and Figure 6B is the 
reconstructed phase image. The fine filamentous structures 
inside the tissue are clearly displayed, profiting from the full-
aperture illumination in RQDPM. And a small FOV marked 
with a white box in Figure 6B is magnified and shown in 
Figure 6C. The quantitative analysis is then performed by 
plotting the phase distributions along the lines 
perpendicularly crossing the microfilaments and fitting them 
with a Gaussian function, as shown in Figure 6D. After 
analyzing the microfilaments at dozens of different locations, 
the average diameter of the microfilaments is measured as 
300 ± 10 nm. The above proof-of-concept experiments 
indicate that RQDPM copes well with different samples.  
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FIGURE 6 RQDPM imaging of a mouse submandibular gland 
tissue slice by using an oil immersion objective lens. (A) Phase 
derivatives along the x- and y-axes. (B) Recovered phase image. (C) 
Enlarged view of the area indicated with a white box in (B). (D) 
Phase distribution (blue dots) along the blue line in (C) and its 
Gaussian fitting (red curve). The scale bar in (B) represents 10 μm. 

3.4 | Quantitative estimation of parameters of RBCs and 
Hela cells by RQDPM 

To further demonstrate the reflectional imaging capability of 
the system under the partially coherent full full-aperture 
illumination, RQDPM was applied to quantitative detection 
of physical parameters of biological samples, including 
human red blood cells (RBCs) and Hela cells. As is generally 
known, accurate quantification of the morphology size and 
hemoglobin (Hb) content of RBCs is essential for diagnosing 
and monitoring many diseases, like anemias [44]. In 
particular, the dry Hb mass of RBCs has important clinical 
value, which is routinely obtained by clinical hematology 
analyzers based on the scattering of spherical RBCs [45]. Due 
to the characteristic doughnut shape, RBCs must undergo a 
spheroidization process, which complicates the testing 
process and leaves the RBCs in an abnormal morphological 
state [46]. In comparison, QPM can directly convert the 
retrieved phase into the dry Hb mass density of an 
investigated RBC in its natural state based on the linear 
relationship between the Hb refractive index (n) and Hb mass 
concentration (C), that is n=β×C+nm, with β being the 
refractive index increment and nm the refractive index of the 
surrounding medium [47]. For this purpose, we use RQDPM 
equipped with a 20×/0.3 objective lens to image RBCs for 
quantifying their physical parameter. Considering the back-
scattering wave from thin RBCs is weak, and the physical 
significance of the phase of the back-scattering wave is 
ambiguous, the human blood smear is covered by a mirror 
M1 on the top to provide a reasonable reflectional wave for 
RQDPM imaging. Therefore, in this situation, RBCs imaging 
essentially undergoes two transmissions of the illumination 
wave, as mentioned in Part 3.1. Following the reconstruction 
procedure of RQDPM, we obtain the phase derivatives of 
RBCs along the x- and y-axes, as shown in Figure 7A and 7B, 
in which the directional bright and shadow edges indicate the 
positive and negative phase derivatives of the RBCs along the 

shear directions. After integrating the phase derivatives along 
two orthogonal axes through Equation 3, we obtained 
eventually the phase distribution of RBCs, as shown in Figure 
7C. The distributions of the phase derivative and phase along 
the black and red lines in Figure 7B and 7C are plotted in 
Figure 7D, where we can intuitively see the correspondence 
between their peaks. According to the fact that Hb refractive 
index has a linear relationship with respect to Hb 
concentration, the Hb mass per unit area (Hb mass density, 
HMD, projected to a 2D area along the axial direction) for an 
RBC is therefore linearly related to the measured phase 
distribution [48] 

( )( )
2

RR λ ϕσ
πβ

→
→ ⋅

= .                              

(4) 

Here, β is 0.237 mL/g in our system [49]. Figure 8E shows 
the HMD distribution of a representative RBC, which 
provides both physical and chemical information. Clearly, 
given the area of a single pixel is Sp, the total Hb mass of an 
RBC can be computed with  

( )
2

p

R

S
M R

λ
ϕ

πβ →

→⋅
= ⋅∑ ,                            

(5) 

indicating a linear correspondence between the total Hb mass 
and the total phase of an RBC. The total Hb mass estimation 
for a cluster of 59 RBCs is performed, and the statistical 
result is shown in Figure 8B. The result shows an average 
value of 33.7 ± 14.9 pg (mean ± s. d.), which is in accord well 
with the earlier published results, for example, 28.7 ± 3.7 pg 
and 27.0 ± 8.0 pg obtained by a UV microscope in [47] and 
[50], 32.9 ± 1.24 pg by Fizeau-based interferometry in [51], 
28.8 ± 5.6 pg by spectroscopic phase microscopy in [52], and 
29.9 ± 4.4 pg by digital holography microscopy in [53]. We 
note that the error of our method (e.g., 14.9 pg in terms of 
standard deviation) is a little larger than the above-mentioned 
methods. This may be caused by the health status of the 
human body or the region selection of RBCs. The total 
projection area of an RBC is an important morphology 
parameter, and it was determined by integrating the area 
whose phase is above the threshold of 0.1 rad in our 
experiment. For each of those 59 RBCs, the total projection 
area is calculated, and the statistics are shown in Figure 8A, 
along with the mean value of 35.5 ± 9.4 μm2. The averaged 
projection area for RBCs was also obtained by deep-
ultraviolet microscopy as 33.4 ± 4.5 μm2 [54], which is 
consistent with our results. Furthermore, by performing the 
division of the total Hb mass to the total projection area for 
every RBC, we get the statistics of the mean HMD value, as 
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shown in Figure 8C, and the average value for the whole 
RBCs is 0.9 ± 0.1 pg/μm2. It is worth noting that there is a 
simple relationship between the total Hb mass (termed as M) 
and the total projection area (termed as S) for an RBC, as 
shown in Figure 8D. The linear fit indicates that they are 
related by the expression of M=1.48×S-18.8. Above all, we 
provide a simpler way of estimating the total Hb mass of an 
RBC by integrating the cell-occupied area. This method can 
also be easily realized by other imaging approaches, like a 
brightfield microscope and a fluorescence microscope. 

 

FIGURE 7 Quantitative phase imaging of RBCs by RQDPM. (A) 
Phase derivative along the x-axis. (B) Phase derivative along the y-
axis. (C) Reconstructed phase map of RBCs. (D) Distributions of 
phase derivative and phase along the black and red lines in (B) and 
(C). The scale bar in (C) represents 5 μm. 

 

 

FIGURE 8 Statistics on physical parameters of RBCs. (A) Statistics 
on total projection area for 59 RBCs. (B) Statistics on total Hb mass 
for 59 RBCs. (C) Statistics on mean HMD value for 59 RBCs. (D) 
Linear relation of the total Hb mass to the total projection area of the 
RBCs. (E) HMD distribution of an RBC. The scale bar in (E) 
represents 3 μm. 

As is well known that quantitative phase imaging has been 
widely applied in biomedical research, especially in cell 
tomography, pharmacology, cell biology [10], etc. In the 
following study, we applied RQDPM equipped with a 
20×/0.3 objective lens to quantitative detection of Hela cells 
that are prepared according to Part 2.3. Similarly, we put the 
mirror M1 onto the cell-coated glass surface of the petri dish 
to reflect the object waves. The two images in Figure 9A are 
the phase derivatives of the transparent Hela cells along the x- 
and y-axes, where the insets located in the upper right corner 
reflect the signal distribution along the two blue lines. The 
positive and negative changes in the phase derivatives of Hela 
cells along the two shear directions reflect the effectiveness 
of RQDPM in visualizing transparent cells. The phase 
distribution of Hela cells in Figure 9B was then achieved by 
using Equation 3, where the background has been removed. 
From the phase image, we can find that there are apparent 
differences in phase distribution and morphology among 
different Hela cells in the same petri dish, meaning that cells 
exist in different states. The most striking phenomenon is that 
the smaller the cell is, the greater the phase per unit area is.  

 
FIGURE 9 Quantitative phase imaging of Hela cells by RQDPM. 
(A) Phase derivatives along the x- and y-axes of Hela cells. (B) 
Reconstructed phase map of Hela cells with background removed. 
The scale bar in (B) represents 50 μm. 

 

A quantitative analysis was then performed on a cluster of 
266 Hela cells to extract several important parameters. The 
total projection area of each Hela cell was acquired by 
selecting the area with the phase value above 0, and the 
statistical result is shown in Figure 10A. The average total 
projection area of 266 Hela cells is 368.2 ± 211.9 μm2 (mean 
± s. d.), indicating there is a big variation in total projection 
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area among the whole cells. Then, the mean phase value per 
unit area (mean phase density) for each of 266 Hela cells was 
calculated by dividing the total phase value by the total 
projection area, and the statistics in Figure 10B tell the mean 
phase density is 12.5 ± 7.2 rad/μm2. Moreover, the total 
projection area and mean phase density were combined for 
preliminary classification of Hela cells, as is seen in Figure 
10C. For convenience, we define a new parameter, circle 
degree, to further characterize the morphology of Hela cells. 
The calculation procedure of the circle degree is illustrated in 
Figure 10D. At first, we identify the coordinates (𝑝𝑝𝑐𝑐, 
i=1,2,3…) of all the pixels at the edge of the Hela cell by the 
Sobel operation, and the centroid position (𝑂𝑂�⃗ ) of the Hela cell 
by the equation of O��⃗ =∑�φ(R��⃗ )∙R��⃗ � /∑�φ(R��⃗ )�, with R��⃗  being 
limited to the interior of the cell. Then the distance from an 
edge pixel of the cell to its centroid is calculated as 𝑑𝑑i=�p�⃗ i-𝑂𝑂�⃗ �. 
Finally, the circle degree of the cell is defined as the root 
mean square error (RMSE) of 𝑑𝑑i (i=1,2,3…), which means 
that the rounder the cell is, the smaller the circle degree is. 
Figure 10E gives the statistics of circle degree among 266 
Hela cells, and the mean value is 1.1 ± 0.9 μm. From the 
estimation of these parameters, we are assured that our 
system has great potential in the extraction of parameters of 
transparent cells, and we believe they will be of importance 
for biomedical research. 

 

FIGURE 10 Quantitative parameter estimation of Hela cells by 
RQDPM. Statistical result of total projection area (A) and mean 
phase density (B) of 266 Hela cells. (C) Preliminary classification of 
Hela cell based on the total projection area and mean phase density. 
(D) Calculation procedure of circle degree of a cell. (E) Statistical 
result of circle degree of 266 Hela cells. 

3.5 | Real-time and high-sensitivity flow speed monitoring 
by using RQDPM in its transmission mode 

Microfluidic technique is considered to have great 
development potential and broad application prospects in 

biomedical research [55-57]. And highly sensitive 
quantitative detection of parameters is of extraordinary 
significance. Since most substances in the microfluidic 
channels are transparent or translucent, it is hard to capture 
their flow with traditional methods based on intensity 
imaging. As mentioned before, our RQDPM can be easily 
converted into transmission quantitative differential phase 
microscopy (termed TQDPM) [41]. To be specific, TQDPM 
shares the identical detection path with RQDPM. TQDPM 
uses 38 LEDs distributed in a ring as the illuminator that is 
installed 5 cm above the objective lens, and samples are 
imaged in the transmission mode. In RQDPM imaging, epi-
illumination from a single LED is used (the 38 LEDs will be 
turned off), and samples are imaged in the reflection mode. 
The data acquisition and processing in TQDPM is identical 
with RQDPM.  

In this part, we demonstrate that the combination of 
TQDPM with image correlation analysis can realize real-time 
and high-sensitivity monitoring of the flow speed of 
transparent microspheres. In this experiment, the microfluidic 
channel was formed between two glass-plates, as shown in 
Figure 11A. The flow speed of the liquid in the microfluidic 
channel was controlled by an electrical injection system. The 
flow speed in the observation region indicated with a black 
box in Figure 11A was adjusted by manually controlling the 
splitting ratio between the output port and flow-control port. 
Then, transparent PMMA microspheres with a diameter of 5 
μm were diluted into deionized water at a final concentration 
of ~ 1% and pumped through the microfluidic channel. And 
the images in Figure 11B are several representative phase 
images of PMMA microspheres flowing in the microfluidic 
channel. Since the switching time of the SLM is 3 ms while 
the exposure time of the sCMOS is 2 ms, we set the framerate 
of the phase images as 25 frames per second. At such 
acquisition speed, we continuously captured the flow of the 5-
μm PMMA microspheres in the self-built microfluidic 
channel. The workflow of the flow speed determination 
process is shown in Figure 11C. First, the GPU-based image 
correlation was performed between two phase images at two 
adjacent time points [58]. Second, the position where the 
image correlation map is the largest was identified as the flow 
displacement vector of microspheres between two adjacent 
time points. Third, the mean flow speed in a short time was 
calculated. Figure 11D shows the variation of the flow speed 
of the 5-μm PMMA microspheres along the x- and y-axes 
with respect to time, respectively. It can be seen from Figure 
11D that small variation of the flow speed, down to 0.68 
μm/s, can be identified by the proposed method.  
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FIGURE 11 Real-time and high-sensitivity flow speed monitoring 
of transparent PMMA microspheres in a microfluidic channel by 
combining TQDPM with image correlation operation. (a) Schematic 
diagram of a self-built microfluidic channel. (b) Representative 
phase images of 5-μm PMMA microspheres flowing in the 
microfluidic channel. (c) Schematic of calculating flow displacement 
vector of the microspheres between two adjacent time points. (d) 
Variation of the flow speed of the 5-μm PMMA microspheres with 
respect to time along the x- and y-axes. 

 

Notably, to test the fast-response ability of the proposed 
method to detect large-scale speed jumps, we deliberately 
perturbated the flow control port, and the jumps of the flow-
speed were detected, and they were at 1.24 s and 1.32 s, 
respectively. The two jumps are indicated with the red and 
green dotted circles in Figure 11D. In addition, the flow 
process of 5-μm PMMA microspheres accompanied by the 
real-time and high-sensitivity flow speed monitoring can be 
found in Visualization 1. 

4 |  CONCLUSION AND DISCUSSION 

In this paper, we introduced a new reflectional quantitative 
differential phase microscopy (RQDPM) that dexterously 
exploits the polarization-dependent property of a phase-type 
SLM. RQDPM is equipped with a partially coherent full-
aperture illumination to maximize spatial resolution and 
suppress multiple scattering of samples. In addition, RQDPM 
does not require additional special optics, like a Wollaston 
prism or a grating, to achieve the shear shift between two 
overlapped object waves, which makes it easier to couple 
with other imaging modalities. Thus, the compact design of 
RQDPM makes it easy to integrate into conventional 
microscopes as a dismountable module.  

Owing to the partially coherent full-aperture illumination 
from a diffused LED, RQDPM has commendable image 
performance. RQDPM can obtain phase derivatives along any 
direction by loading different phase masks to the SLM, and it 
thereby inherits the characteristic of high phase recovery 
accuracy. Of note, RQDPM has a high axial resolution 
benefiting from its full-aperture illumination. Thereby, 
RQDPM provides topography of an opaque semiconductor 
wafer with a nanoscale axial resolution. Furthermore, 
RQDPM can be easily switched from reflection mode to 
transmission mode, and therefore it can be applied to different 
types of samples. RQDPM facilitates the quantitative imaging 
of microstructures of thick biological specimens, and several 
valuable parameters can be obtained to characterize the states 
of RBCs and Hela cells. For RBCs, we quantitatively showed 
the HMD distribution and established a linear relationship 
between the total Hb mass and total projection area for the 
first time. And for Hela cells, we proposed the new concepts 
of circle degree and mean phase density for the 
morphological classification. We hope these parameters can 
be expanded and used for more kinds of cells for basic life 
science research and quantified investigation of medical 
diagnosis. It should be noted that the measured phase value in 
RQDPM is twice the expected value, which should be divided 
by 2 to be consistent with its expected value. In addition, 
RQDPM shares the same detection structure with its 
transmission mode (TQDPM), and therefore it allows for 
real-time and high-sensitivity flow speed monitoring of 
microspheres in a self-built microfluidic channel. This will 
invite wide applications of TQDPM in online microfluidic 
detection.  

Notably, the partially coherent illumination (PCI) 
generated by using a rotating diffuser and a laser [18] can 
simultaneously improve the image quality and the phase 
modulation accuracy of the SLM in RQDPM. However, the 
multiple reflections from the optical elements and the sample 
surface will produce adverse interference patterns. Therefore, 
it is advantageous to use the partially coherent full-aperture 
illumination from a diffused narrow-bandwidth LED, which 
compromises the phase modulation accuracy and the image 
quality. 

Finally, we expect that the proposed RQDPM system with 
label-free and nondestructive phase imaging features will be a 
ponderable tool in many kinds of research fields. 
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