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A new automatic cell smear and laser release system for near-infrared

light responsive release of nucleated red blood cells
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Abstract: In order to realize the separation and release of nucleated red blood cells from peripheral blood and
develop a safe and effective non-invasive technique to separate nucleated red blood cells for prenatal dia-
gnosis of fetal diseases, an automatic cell smear preparation system based on hydrogel material was estab-
lished, and a laser focusing and microscopic imaging system for recognizing and releasing nucleated red
blood cells was constructed. Firstly, the mechanical structure of cell smear preparation machine was de-
signed, the upper computer control software was designed based on single chip microcomputer, and a hydro-
gel membrane substrate smear was prepared by optimizing the slide-pushing angle and speed. MXene, a two-
dimensional material, was introduced into temperature-sensitive hydrogel gelatin, and the near-infrared light
response was realized on the surface of hydrogel membrane by using the near-infrared photothermal conver-
sion characteristics of MXene. Then, the whole cell smear experiment was carried out on the surface of the
hydrogel substrate membrane. A monolayer cell smear was prepared by optimizing the parameters of blood
slide. Finally, the optical path of laser focusing and microscopic imaging was established. After the nucle-
ated red blood cells were recognized and located, the light from an 808 nm laser source passed through a col-
limator lens and a convergent lens and was focused on the surface of the cell smear, which released cells un-
der photothermal effect. A monolayer cell smear was processed and prepared, and then a photothermal effect
was produced under the near-infrared light of 808 nm. After the control of the laser focusing system, a fixed
cell-releasing area with a spot diameter of 300 um was finally obtained. In this paper, the automatic slide-

pushing technology was applied to the preparation of a monolayer cell smear based on hydrogel membrane,
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and the optical path of laser focusing and microscopic imaging was established. By using the near-infrared re-
sponse and a thermal response of hydrogel membrane, the recognition and fixed-point release of nucleated
red blood cells were realized, and the efficiency of separation and enrichment of nucleated red blood cells
was improved. This technology has a broad application prospect in the field of prenatal screening and dia-

gnosis.
Key words: cell smear; hydrogel; prenatal diagnostics; near-infrared light response; cell release
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gnosis method is the focus and mainstream trend of

1 Introduction
the current prenatal diagnosis technology develop-

) o ) . ment¥, Fetal Nucleated Red Blood Cells (NRBCs)
Prenatal diagnosis is essential for the early dia-

. . . contain the entire fetal genome and the early gesta-
gnosis and screening of birth defects such as Down g v 8

syndrome, neural tube defects and single-gene dis- tional expression (expressed in peripheral blood at

1M1 th th
cases!'l. The existing prenatal diagnoses can be di- the 6th week and maximized between 12 and 14

vided into invasive diagnoses and non-invasive dia- week). They are highly distinguishable in maternal

gnoses. Invasive diagnoses include amniocentesis, blood cell population and are hard to be confused

umbilical cord blood sampling, and chorionic punc- with maternal cells. With obvious cellular morpho-

ture, etc.””. They are performed by invasive meth- logical characteristics, they are easy to identify and

ods, and are often accompanied by miscarriage, am-
niotic fluid overflow, infection and other risks?!.

Therefore, establishing a non-invasive prenatal dia-

are the preferred fetal cells for prenatal diagnosis®.
However, fetal NRBCs are very few in maternal

peripheral blood. How to identify and separate NR-
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BCs from peripheral blood is a major challenge in
prenatal diagnosis!®.

The existing methods for separation and en-
richment of peripheral blood cells include density
gradient centrifugation, magnetic activated cell sort-
ing, fluorescence activated cell sorting, microfluidic
chip technology, etc”. Among these methods, the
separation and detection are mainly realized by the
specific binding of antibody and cells. The proced-
ures have a complex operation process, long detec-
tion cycle and high cost. Simplifying the process of
cell separation and enrichment is an urgent problem
to be solved for non-invasive prenatal diagnosis.

Using the slide-pushing technique to make a
good cell smear for blood cell morphology examina-
tion is critical in clinical application!'”. The tradi-
tional man-made cell smear cannot be standardized
due to the uncontrollability of manual operation,
which leads to cell overlap and rupture. The auto-
matic cell smear preparation machine can standard-
ize the preparation of monolayer cell smears and
identify the NRBCs by optical imaging based on
their special morphology. In order to achieve the
collection of NRBCs for downstream application,
the thermal response release system reported so far
can release the captured cells at physiological tem-
perature, and help the released cells maintain
enough activity. This method can release cells in a
large area, however, it is hard to release cells in a
fixed area. Correspondingly, light-stimulated re-
sponse system is considered as an ideal controllable
release system due to its operability!"!!. Compared
with ultraviolet light, near-infrared light produces
less damage to cells and has stronger penetration, so
it is more suitable for the construction of light-re-
sponsive release system. By introducing a light re-
sponse system into the thermal response release sys-
tem, more efficient fixed-point release can be
achieved. This paper proposes the use of the film-
forming and photothermal properties of hydrogel!?,

in which MXene two-dimensional material is intro-

duced into thermo-sensitive hydrogel gelatin, the
near-infrared photothermal effect of MXene can be
combined with the thermal response of hydrogel
substrate. Thus an automatic monolayer cell smear
preparation machine is prepared, and a laser conver-
gence and microscopic imaging system are estab-
lished to solve the traditional problem of cell cap-
ture, separation and release depending on the specif-
ic binding of antigen and antibody. By optimizing
the structure of each module and material properties,
the recognition and fixed-point release of NRBCs
provide a new approach for noninvasive prenatal

testing.

2 Design of cell smear preparation
machine system and recognition &
release system

2.1 Overall design of control system

The scheme of automatic pushing and laser
convergence system used to recognize and release
the NRBCs is shown in Figure 1. The automatic
slide pushing system consists of a mechanical mo-
tion subsystem, an adaptive smear system, a micro-
structural slide-loading platform and an electronic
control subsystem. The movement of the XY stage
is controlled by the mechanical motion subsystem,
which controls the pushing speed and angle. The ad-
aptive smear structure has two DOFs, which can ad-
aptively fine-tune the condition of the smear and the
surface in contact with it. By combining the two-di-
mensional motion of the motion subsystem, the
three-dimensional motion of the smear and slide can
be controlled. The microstructural slide-loading
platform can carry the standard microscope slides
(25 mm x 75 mm) for the preparation of hydrogel-
based smears and cell smears. The electronic con-
trol subsystem is used to realize the communication
and interactive operation among the modules of the

whole smear system.
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Fig. 1 Schematic diagram of cell smear preparation and laser response system
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Firstly, a hydrogel membrane is prepared on a
slide by using the automatic slide-pushing system.
The membrane is taken as substrate, and then
covered with a monolayer blood cell by spreading
the blood sample. In this way, a cell smear is ob-
tained. Secondly, the blood cell membrane is stained
by Wright-Giemsa solution to examine cell morpho-
logy. As a clinical hematological detection method,
this method has the advantages of good staining ef-
fect, obvious nucleo-cytoplasm contrast, easy opera-
tion and rapid staining!'¥. After the staining of the
cell smear, the NRBCs can be identified and loc-
ated under optical microscope according to unique
cell morphology. Then the cell smear is placed in a
laser convergence and microscopic imaging system.
According to the near-infrared response properties
of hydrogel substrate, an 808 nm laser is selected for
fixed-point irradiation to realize the photothermal

conversion and release NRBC in the spot area.

2.2 Design of an automatic smear system

The automatic smear system includes four
parts: a mechanical motion subsystem, an adaptive
smear system, a microstructural slide-loading plat-
form and an electronic control subsystem. The
design principle of mechanical motion subsystem is
shown in Figure 2. The system is divided into two
modules: speed regulation and angle adjustment.
The speed regulation module, which consists of an
X stage, a carrier base and a closed-loop stepper
motor, can adjust the speed within the range of
0—150 mm/s. The angle adjustment module is com-
posed of a Y stage, a smear structure base, a closed-
loop stepper motor and an R-axis decelerating step-
per motor. It can tune the angle within the range of
20°-=50° when spreading the blood sample.

The adaptive smear system consists of smear
clips and two sets of hinges that are perpendicular to

each other in the pushing direction. With two DOFs,
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the system can adaptively fine-tune the smear while
keeping it fit to the contact surface. The microstruc-
tural slide carrier is designed with a slide-loading

groove and a waste liquid collection groove.
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Fig.2 Schematic diagram of mechanical system of cell

smear
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A 200 pm height difference between the slide-
loading groove and the slide surface is designed to
ensure a hydrogel substrate membrane with uni-
form thickness during pushing. The waste liquid
collection groove is used to collect excess hydrogel
when pushing the slide to the end, so as to avoid the
backflow-caused damage and contamination. The
electronic control subsystem consists of an upper
computer control system, a motion control card, a
motor driver, a photoelectric limit switch and a
power supply. The upper computer control software
is programmed based on a single chip microcom-
puter. The serial port is connected with the motion
control card to realize the interactive operation and
control of pushing speed module and angle module.
2.3 Design of cell recognition and release sys-

tem

According to the properties of hydrogel sub-
strate. membrane and the design principle of cell
smear, the cell recognition and release system
shown in Figure 3 has been designed in order to
achieve the recognition and fixed-point release of
NRBC:s. It is composed of a laser-focusing subsys-
tem, a bright field illumination subsystem and a mi-
croscopic imaging subsystem. According to the

near-infrared response characteristics of hydrogel

substrate membrane, an 808 nm laser source is com-
bined with a collimating lens and a convergent lens
(C1) into a laser convergence subsystem to irradiate
a fixed area of the cell smear, which, in turn, pro-
duces the photothermal effect and releases the cells.
In order to observe the cell release, a bright field il-
lumination subsystem and a microscopic imaging
subsystem are constructed on the basis of the laser
convergence subsystem. The bright field illumina-
tion subsystem is composed of the bright field
source and Kohler lens group. Through the applica-
tion of dichromatic mirror, the bright field source
and the 808 nm laser source can share an optical
path. Subsequently, the microscopic imaging sub-
system module composed of a microscopic object-
ive, a reflecting mirror, a convergent lens (C2) and
an imaging detector is used to observe the cell-re-

leasing effect.

Bright field source

Convergent,
Collimating lens C1
808 nm  lens Kohler lens group
laser A—38
o @ \Diphroic mirror
"
!—QH —F | ||
\ | F
|
|l o,
o ~. Blood smear
IO Microscope objective

Convergent lens C2 |-
E=—=3

Imaging detector
e 77[«
ﬁ<»._~ Reflecting mirror

Fig.3 Schematic diagram of laser focusing and microscop-
ic imaging system

K3 #OLSRRE R RG R EE

The laser convergence system is built to pro-
duce the near-infrared response, which enables the
cell release at a fixed point. The laser light is fo-
cused to form a tiny light spot. A smaller light spot
means a smaller spot area projected on the cell
smear and higher efficiency and precision of cell re-
lease. To control the size of the light spot, the spot
diameter should be reduced as much as possible so
as to narrow the range of cell release at a fixed

point. According to Gauss formula!'*:
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where w, is the spot diameter after focusing; F'is the
focal length of the convergent lens C1, F = F| + F,,
where F is the distance from the convergent lens to
the dichromatic mirror and F, is the reflection dis-
tance from the dichromatic mirror to the cell smear;
and w, is the waist radius of the laser Gaussian
beam. The spot size and light intensity distribution
on the equiphase planes on both sides of the conver-
gent lens C1 are the same, so @, is the spot radius
after collimation. By substituting the laser wave-
length 2 (808 nm) and the collimated spot radius w,
(850 um) into Equation (1), the spot diameter after

laser convergence can be obtained as follows:
w 3X107*X(F + Fy) . 2
The bright field light is radiated to the cell

smear surface through the Kohler lens group, and
then is reflected to the detector by the imaging sys-
tem composed of a microscope objective, a mirror
and a convergent lens. By moving the stage, the
whole cell smear can be imaged and the NRBCs can
be identified and located. The laser light irradiates
the identified target area through the collimating
lens and convergent lens, and triggers the near-in-
frared response and photothermal conversion fol-
lowed by fixed-point cell release. Finally, the cell-
releasing performance is characterized by a micro-

scopic imaging system.
3 Experiment and results

3.1 Preparation and optimization of hydrogel

pusher

The experimental hydrogel was two-dimen-
sional MXene composite gelatin (CyoyH51039N31,
gelatin) prepared by our group. The gelatin and
MXene were stirred and mixed evenly at a mass ra-
tio of 200:1 in a water bath at 38 °C to obtain the
hydrogel. The prepared hydrogel was kept at 38 °C
to ensure the melting state through magnetic stir-
ring, pushed and spread on the slide surface by a

home-made automatic pushing machine, and then

naturally cooled to form a layer of hydrogel mem-
brane with smooth surface and uniform thickness.
The prototype machine designed and fabricated
based on a single-chip microcomputer is shown in
Figure 4. The slide-carrier is located in a horizontal
position. The pusher-loading platform has an angle
to the slide carrier, but with a base parallel to the
slide carrier. The preparation of hydrogel mem-
brane was optimized by adjusting the pusher’s speed
and angle. At first, a certain amount of hydrogel
solution was draw with a pipette, and dropped
evenly on the front end of the slide. Then the push-
er was started and descended until its bottom
touched the slide horizontally. The pusher was
pushed forward with an angle to the slide so that a
hydrogel membrane was formed on the surface of
the slide.

=/ L/,

Pushing angle module

Power supply y
l' e Y a

Pushmg structmre base ?

Fig. 4 Prototype of preparation machine of automatic cell

smear
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In the experimental process, orthogonal experi-
ments were carried out at different pushing speeds
(20 mm/s, 30 mm/s and 40 mm/s), pushing angles
(25°, 30° and 35°) and hydrogel amounts (200 pL,
250 pL and 300 pL) to optimize the preparation
parameters of hydrogel membrane. The results
showed that a faster pushing speed and a larger
pushing angle could cause the damage to the hydro-
gel membrane more easily. The hydrogel amount is
mainly determined whether the hydrogel membrane
could completely cover the slide. After repeated ex-
periments, the preparation parameters of hydrogel
membrane were optimized at a pushing speed of
30 mm/s, a pushing angle of 30° and a hydrogel
amount of 250 pL.
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ob-

served and characterized by Scanning Electron Mi-

The prepared hydrogel membrane was

croscope (SEM) and Atomic Force Microscope
(AFM). As shown in Figure 5 (a, b), the hydrogel
membrane had a uniform thickness of about 200 um
and an average surface roughness of Ra = 1.31 nm,
providing a good surface smoothness for subsequent
whole blood experiment. An ultraviolet absorption
test was carried out on the slide spread with a com-
posite gelatin. As can be seen from the test results in
Figure 5(c), the prepared composite gelatin has an
obvious absorption peak at about 800 nm, which in-
dicates an achievable near-infrared response and
photothermal conversion. Based on the above op-
timized conditions, a hydrogel film was prepared.
Its photothermal properties were tested by 808 nm
laser irradiation, and the characterization results are
shown in Fig. 5(d), including the photothermal re-
sponse curves of gelatin, composite gelatin and

stained composite gelatin under the irradiation of

500 pm

(©
E)
&
8
g MXene/Gel
=
2
=)
<
400 500 600 700 800
Wavelength/nm

Temperature/°C

808 nm laser (laser power: 150 mW/mm?). Under
the laser irradiation, the temperature of gelatin was
almost unchanged, and no photothermal effect was
produced. However, within the irradiated area of
composite gelatin, the temperature increased and
quickly rose to 37 °C within 120 s and even up to
47 C within 360 s (this temperature could be ap-
plied to the subsequent cell release). To verify
whether the Wright-Giemsa staining method would
affect the photothermal properties of stained com-
posite gelatin, a laser irradiation experiment was
performed under the same conditions. The stained
composite gelatin exposed to 150 mW/mm? laser ir-
radiation could be heated to 37 °C within 20 s and
up to 62.9 °C within 320 s. When the laser power
was reduced to 100 mW/mm?, the photothermal
conversion effect on the stained composite gelatin
was similar as that on the unstained composite

gelatin.

: o4
100.um

—=— Gel-150 mW/mm?

—a— MXene-Gel-150 mW/mm?

—4— MXene-Gel-44{%-150 mW/mm?
[ —#— MXene-Gel-%4{%-100 mW/mm>

(d)

180 240 300 360
Time/s

60 120

Fig. 5 (a) Characterization by SEM; (b) surface roughness characterization by AFM; (c) ultraviolet absorption spectrum;

(d) photo-thermal curves
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3.2 Preparation and optimization of a cell
smear on hydrogel membrane

An automatic cell smear preparation machine
was designed to carry out blood slide-pushing ex-
periment on the surface of hydrogel membrane. The
blood samples were from the peripheral blood with
a hematocrit (HCT) ranging from 0.39 to 0.45 ex-
amined in a clinic. The reference value of HCT for
normal females is 0.35—0.45. However, during preg-
nancy, the HCT value will vary within 0.33—0.46 as
the mother undergoes a series of physiological
changes with the growth and development of her
fetus!'.

4 groups of peripheral blood samples with the
HCT values of 0.39—0.45 were pushed on the sur-
face of hydrogel substrate. According to the para-
meters mentioned above, the pushing speed, the
pushing angle and the whole-blood volume were in-
vestigated and optimized in the process of cell
smear preparation. After optimization, the pushing
effect was shown in Figure 6 (Color online) (smear
speed: 100 mm/s, pushing angle: 40°, blood volume:
5 pL). The Fig. 6 compares the effects of a stained
cell smear on slide substrate, a cell smear on hydro-
gel membrane substrate and a standard cell smear
prepared by a fully automatic blood analyzer
Mindray SC-120 which is currently used in clinical
tests. The front, middle and tail ends of the three cell
smears were analyzed by microscopic imaging sys-
tem, repectively. Five sampling points were ran-
domly selected from each part within the 0.3 mm?
FOV (field of view) of the imaging system to ob-
tain the cell distribution images of the smears. The
cells were then counted using ImageJ software. The
cell distributions on the smears with 4 groups of
blood samples are shown in Fig. 7. As can be seen
from the figure, the cells aggregate and overlap on
the smear with slide substrate, while the cells are in
a single layer format adhere to hydrogel membrane
substrate and are distributed uniformly. By compar-
ing the front and tail parts of the cell smears, it can

be seen that the cell smear with hydrogel membrane

substrate shares the same monolayer cell distribu-
tion with the standard smear. In addition, the aver-
age of cell density is 19.3% higher than that of the
standard smear, thus improving the efficiency of the
NRBC observation and detection based on cell

smear.

Fig. 6 Comparison of self-made cell smear and Mindray
SC-120 standard cell smear: (a-c) slide; (d-f) hydro-
gel membrane; (g-1) Mindray SC-120

6 A4 i 55 SC-120 bRk 4 iR A AR

XF o3 #r: (a-c) B s (d-0) AR BEM M (g-i) 303 iy SC-
120

The performance parameters of the prototype
machine proposed in this paper were compared with
those of the commercial Mindray SC-120 automatic
pushing machine. The comparison results are sum-
marized in Table 1. Compared with Mindray SC-
120, the proposed prototype has the following ad-
vantages: (1) The pusher-loading platform is modu-
larized so that the various substrates (glass/hydro-
gel/releasable) can be made by changing the plat-
form; (2) the scraping operation in traditional scrap-
ing-pushing process is not necessary, so the blood
consumption is reduced down to only 4 uL; (3) the
pusher can be a standard medical type, rather than a
customized product, so the maintenance cost is re-
duced.
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Fig. 7 Cell distribution statistics
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Tab.1 Performance comparisons between the proposed prototype and Mindray SC-120 automatic pushing-staining

machine

R 1 AN 51ETR SC-120 £ BN R REHBIMERESHXIEE

Key parameters

Mindray SC-120 Proposed prototype

Purpose of pushing
Degree of automation
Mode of pushing

Parameters of pushing
Sample amount
Speed range

Angle range

Mode of parameter adjustment

Pusher substrate

Modularized platform

Automatic staining

Hydrogel-based smear,

Standard blood smear releasable blood smear

Automatic pushing, and manual

Fully automatic sample loading,
sample loading and staining

pushing and staining

Backward blood scraping, wetting and
pushing (imitation manual production process)

Blood amount, extension time,
scraping angle, pushing speed/angle

Blood amount: 40—-200 puL
70—-150 mm/s
Detailed parameter reporting not available
Automatically calculate and adjust the

most matched pushing parameters according
to blood sample HCT and big data algorithm

Standard medical slide with glass substrate

No

Yes

Blood wetting, and direct pushing

Hydrogel amount, blood amount,
pushing speed/angle
Hydrogel amount: 200—300 pL
Blood amount: 4—15 uL

0—150 mm/s

20°-50°

Do experiments in advance according to
the hydrogel viscosity and blood HCT
setting, obtain the optimum parameters

and adjust them by manual programming

Standard medical slide with glass substrate
or hydrogel substrate

Microstructural hydrogel-pushing platform
and blood-pushing platform

No

3.3 NRBC release under near-infrared response

3.3.1

The NRBC recognition and release based on

cell smear preparation technique were achieved by

Recognition and release of NRBCs

using the photothermal response properties of hy-
drogel. The prepared cell smear was placed in the
microscopic imaging system. Then the NRBC was

identified and determined according to its morpho-
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logical features, such as round nucleus, a nucleus-
cytoplasm ratio of less than 1/2, no cytoplasmic
granules, and nucleus amesiality!"”. As shown in
Fig. 8(a), the NRBCs in the cell layer on the smear
were identified and located, and then irradiated for
90 s by an 808 nm laser source (laser power:
100 mW/mm?) fixed at a distance where a 1.7 mm
spot was formed. Finally, they were rinsed with de-
ionized water and dried, and observed under a mi-
croscope.

As can be seen from the characterization res-
ults (Fig. 8(b)), almost all the cells fall off with the
photothermal melting of the hydrogel membrane
within the fixed area of hydrogel membrane irradi-
ated by laser. Therefore, the fixed-point release of
cells can be achieved by introducing phototherm-

ally responsive hydrogel.

Fig. 8 (a) Recognition and localization of NRBC; (b-d)
comparison of cell release areas before and after
laser convergence with different spot diameters.
(b) D=1700 um; (¢) D =600 um; (d) D =300 um

K8 (a)NRBC U E (i 2525 (b-d) WOt 2 R 41 i

BER X LA (b) JEBEELAR D = 1700 pm; () JGHE
EHA% D =600 um; (d)YEEEEAE D =300 pm

3.3.2 Optimization of laser convergence system
The fixed-point release of NRBCs was
achieved through direct irradiation of 808-nm laser.
However, the spot diameter directly projected onto
the cell smear surface was 1.7 mm and required fur-
ther adjustment relative to the cell size. Therefore, a
laser convergence system was built by connecting

the laser with a collimating lens and a convergent

lens to reduce the spot diameter on the smear sur-
face. This system could not only ensure the func-
tion of cell release, but also improve the accuracy of
NRBC release. By substituting w, = 300 pm and
o =150 pm into Equation (2) respectively, the fo-
cal lengths F = 100 cm and F =50 cm can be ob-
tained. Since F} is a fixed distance (£, = 20 cm), the
focus diameter can be adjusted by adjusting F; =
80 cm and F; = 30 cm, where F, is the distance
between the convergent lens C1 and the dichromat-
ic mirror. The photothermal releases generated by
the converged spots of about 600 um and 300 um
are shown in Figure 8(c) and Figure 8(d) respect-
ively. The micro-characterization results show that
the proposed laser convergence system can scale
down the cell-releasing area to about 271.2 pum (in
diameter), while achieving the same photothermal

conversion effect.

4  Conclusion

In this paper, a monolayer cell smear based on
hydrogel membrane was prepared by automatic
pushing technique. The prepared hydrogel mem-
brane had the property of near-infrared light re-
sponse and showed photothermal conversion under
808 nm laser irradiation. The processing parameters
of hydrogel membrane substrate and cell smear
were optimized. The whole blood cells were spread
into a single layer on the surface of the hydrogel
membrane substrate with a uniform thickness of
200 um. A laser convergence system and a micro-
scopic imaging system were constructed using an
808 nm laser source and applied to cell smears. By
designing and constructing the light path for laser
convergence and microscopic imaging, the light
source was focused on a fixed area of the cell smear
to realize the cell recognition and release. The res-
ults showed that when the pushing speed was
100 mm/s and the pushing angle was 40°, the pre-

pared cell smear had uniform cell distribution and
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an average cell density 19.3% higher than a stand-
ard smear. While keeping laser power at the cell-re-
leasing level, this technique can reduce the spot dia-
meter to about 300 um, so as to realize the cell re-

lease and enrichment. This paper provides a new

—— SO R e ——
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technical approach that can be combined with auto-
matic microscanning imaging and microneedle ex-
traction in subsequent studies to efficiently and ac-
curately extract the NRBCs for noninvasive prenat-

al diagnoses.
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