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Role of glucose in the repair of cell membrane
damage during squeeze distortion of erythrocytes
in microfluidic capillariest
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The rapid development of portable precision detection methods and the crisis of insufficient blood supply
worldwide has led scientists to study mechanical visualization features beyond the biochemical properties
of erythrocytes. Combined evaluation of currently known biochemical biomarkers and mechanical
morphological biomarkers will become the mainstream of single-cell detection in the future. To explore
the mechanical morphology of erythrocytes, a microfluidic capillary system was constructed in vitro, with
flow velocity and glucose concentration as the main variables, and the morphology and ability of
erythrocytes to recover from deformation as the main objects of analysis. We showed the mechanical
distortion of erythrocytes under various experimental conditions. Our results showed that glucose plays
important roles in improving the ability of erythrocytes to recover from deformation and in repairing the
damage caused to the cell membrane during the repeated squeeze process. These protective effects were
also confirmed in in vivo experiments. Our results provide visual detection markers for single-cell chips and
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Introduction

As a general indicator of the health status of an individual,
erythrocytes (red blood cells, RBCs), have been explored in
multiple studies, including those exploring cell deformability
in diabetes’ and malaria,”> cell morphology in sickle cell
anemia® and stored blood,* and cell size distribution in type
II diabetes and cardiovascular disease.”® Erythrocytes are
considered as a soft biological material; therefore, in the
pursuit of high-precision cellular biomarkers, the mechanical
properties of erythrocytes have attracted the attention of
researchers. Normal erythrocytes are biconcave with 8 um
diameter and 2-3 pm thickness.” Erythrocytes deform while
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may be useful for future studies in cell aging.

squeezing through capillaries that are ~3 um in diameter to
transport oxygen, and their large membrane surface area to
volume ratio enables them to recover from following
deformation in capillaries.” In its 120 days life span, a
erythrocyte might undergo hundreds of thousands of these
squeeze-deformation-recovery iterations, which result in
distortion and ultimate cell apoptosis.

The cell membrane comprises a phospholipids bilayer
with distinct fluid properties that influence the morphology
of cells.® Erythrocytes undergo characteristic morphological
changes that are commonly used as visual markers in
detection of various biological conditions. Changes in
erythrocyte morphology are influenced by several internal
and external factors, for instance, the addition of
pharmacologically active compounds, modified cellular
conditions, and the age of the erythrocytes.®® Erythrocytes
have an energy-dependent shape-control mechanism (which
uses adenosine triphosphate, [ATP]) that enables them to
resist shape-changing stimuli, such as metabolic
depletion.>'* The high deformability of erythrocytes
facilitates oxygen-transport to all tissue and organs, and any
abnormality in the erythrocyte shape would affect blood
rheology.”> One of the most common and reversible
morphological changes in erythrocytes is the stomatocyte-
discocyte-echinocyte  transformation.”®  In  addition,
irreversible damage to the cell membrane, including
membrane loss, can occur during blood storage,'* while cell

This journal is © The Royal Society of Chemistry 2021
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membrane scrambling, cell shrinking, and membrane
blebbing are observed during eryptosis.” Several studies have
focused on the changes in cell membrane caused by the
changes in biochemical processes and extracellular
physiological environment.”*™*> However, few studies have
focused on membrane damage and repair during the
dynamic movement of erythrocytes in capillaries.

Glucose is a key nutrient for erythrocytes, and its
concentration can alter membrane capacitance,'® cell
deformability,’” and cell morphology.'® During high-intensity
exercise, rapid blood flow accelerates erythrocyte metabolism.
In addition, under conditions of increased volume and
intensity of physical loading, blood glucose levels decrease,
and acanthocytes and stomatocytes appear in the peripheral
blood, leading to “anemia of loading™.'® Glucose helps the
erythrocytes detoxify and protects them from damage,*® but
excess glucose metabolites may overwhelm the ability of the
cellular detoxification mechanism, leading to other
complications, such as diabetes. As a product of glucose
metabolism, ATP, in combination with the cytoskeleton, plays
a critical role in determining cell morphology.®*' Based on
these observations, we speculated whether the protective
effect of glucose on erythrocyte morphology can be verified
in vitro, with the aim to elucidate methods to avoid
irreversible mechanical damage to erythrocytes. Erythrocytes
undergo mechanical stress due to the mechanical fluid
pressure in the blood vessels as well as due to the repeated
mechanical squeezing and deformation process.

The rapidly developing bionic technology,>*** which
includes microfluidic technology, can be utilized to simulate
the blood circulation system in vitro, especially the squeezing
of erythrocytes in capillaries. In contrast to the in vivo ability
of erythrocytes to recover after repeated squeezing, in vitro
glucose-free experiments have shown that erythrocytes can
withstand the squeeze-deformation-recovery process only for
approximately 1000 times before the cells lose their ability to
deform any further (compared with hundreds of thousands
of times in vivo).>* Therefore, we hypothesized that glucose
may help to maintain the normal shape of erythrocytes
during repeated squeezing cycles.

To explore the mechanism of erythrocyte distortion, we used
microfluidics to simulate erythrocyte circulation, especially the
squeeze-deformation process occurring in the capillaries. Based on
the previous studies, which showed that erythrocytes release ATP
during the deformation process, we used glucose as a variable to
verify its role in cell membrane repair from two aspects:
morphology of distorted erythrocyte and their ability to recover
from deformation. This study mainly discusses three key forms of
erythrocytes: ~ spherical  erythrocytes  (spherocytes),  spinous
erythrocytes (acanthocytes), and normal biconcave erythrocytes.

Experimental section

In vivo experimental details

Insulin (WANBANG, H10890001) was prepared at a
concentration of 0.02 U/100 pL. Thirty minutes after mice
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(CD1, 6 weeks) stopped eating (food and water were removed
for half an hour), the blood glucose concentration was
measured using a glucometer (Roche, ACCU-CHEK
Performa). A droplet of blood was then extracted and added
into glutaraldehyde solution (0.05% v/v) to fix the
erythrocytes for scanning electron microscope (SEM)
observations. Next, insulin was injected intraperitoneally
using a sterile syringe. Every 30 min, the blood glucose levels
of the mice were measured to monitor and control the
glucose levels.

The study protocol was approved by the animal care and
use committee of Tsinghua University (AP#16-ZY2). The mice
received humane care according to the laboratory animal
management regulations. All researchers associated with this
research project received appropriate training and were
qualified to conduct animal experiments. All activities
associated with this research project were performed in
accordance with laboratory animal management regulations.

Preparation for in vitro analysis of erythrocytes

Blood samples were taken from fingers of healthy human
adults using ACCU-CHEK Softclix, and washed three times
using phosphate-buffered saline (PBS, 1X without Ca®*" and
Mg>", GE) and centrifuged (Eppendorf AG) at 3000 rpm for 75
s each time to obtain pure-packed erythrocytes without
leukocytes, platelets, or plasma. The packed erythrocytes were
re-suspended in PBS to prepare erythrocyte samples (0.1% v/
v) for the in vitro squeezing experiment. For the glucose
experiment, glucose was dissolved in PBS at concentrations
of 0.5, 1, and 10 mg mL™". Part of the packed erythrocytes
was added to the glucose-PBS solution to form glucose-
erythrocyte samples (0.1% v/v). No incubation was performed
for erythrocytes in the glucose-PBS solution, and it took
approximately 10 min for the erythrocyte samples to be
squeezed in the microfluidic chip. The volunteers fasted for
approximately 10 h before their blood samples were
collected.

Microfluidic channel preparation

Microfluidic channels were fabricated using the standard
polydimethylsiloxane lithographic method.” The
microchannel comprised a single layer with a height of 5 um,
a squeezing width (W) of 5 um, and a squeezing length (L) of
15 um. One squeezing length denotes one recycle. A
collecting reservoir with 4 mm diameter was fabricated at the
outlet of the squeeze channel to collect the squeezed
erythrocytes for the next analysis.

Experimental set up and observation

The erythrocyte samples were pumped into the microchannel
using a syringe pump (LSP01-1A, LongerPump®). The motion
of erythrocytes in the channels was recorded using a high-
speed camera (V710, Phantom Co.) under an inverted
microscope (LEICA DME6000 B). Erythrocyte morphologies
were observed under the same inverted microscope, and cell
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length data was obtained from the captured videos using
Image J software.

Sample preparation for physiological detection

Solution surrounding the cells impacts their morphology.*
After getting squeezed, erythrocytes may become susceptible
to these influences of the surrounding medium. As
glutaraldehyde is commonly used as a cell-fixing agent,® we
added 30 pL of glutaraldehyde-PBS buffer to the collecting
reservoir to fix the erythrocytes flowing out from the squeeze
channel to assess the cell membrane damage caused by
squeezing. Prolonged experiment time can increase the
concentration of cells in the collecting reservoir.

SEM sample preparation

After fixing with glutaraldehyde, the erythrocyte samples were
placed on Cell-Tak™ treated glass slides (surface area: 5 mm
x 5 mm; height: 1 mm). Thirty minutes later, the slides were
carefully washed using PBS, and subjected to the dehydration
process as described in a previous study.>®

Results and discussion

Flow rates change the morphology of erythrocytes and their
ability to recover from deformation

Erythrocyte distortion affects cellular processes, resulting in
the loss of their ability to recover from deformation.
Erythrocytes experience alternating flow rates in the blood
stream; thus, we first investigated the effect of flow rate on
erythrocyte morphology. The microcirculation of erythrocytes
in the human body is an alternating and repeated process
marked by repeated squeezing and release of stress.
Accordingly, a microcirculation system was fabricated in vitro
using microfluidic technology to simulate the squeeze forces
and stress release (Fig. 1A). L0 was defined as the length of
the erythrocyte within the last squeeze channel and L1 was
defined as the erythrocyte length after it emerges from the
last squeeze channel. Release was triggered every 200 cycles
(squeeze number, N = 200) and the entire microfluidic chip
was designed in a serpentine shape to reduce the system size
and to simulate the curvature of blood vessels. Moreover, a
collection reservoir was placed at the outlet to collect
erythrocytes for subsequent experiments or SEM. The
squeezing process in the microchannel was captured using a
high-speed camera. Using in situ stitching of the images, the
ability to recover from the deformation was summarized for
erythrocytes (Fig. 1B) and spherocytes (Fig. 1C) for N = 600
channels under different flux (Q). Our results showed that
while the erythrocytes mainly deformed along the X-axis, the
spherocytes, because of their reduced surface area to volume
ratio, experienced some deformation along the X-axis in the
squeeze channel. The spherocytes exhibited an obvious
rebound along the Y-axis while emerging from the squeeze
channel, which was not observed for normal erythrocytes.
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Fig. 1 Loss of erythrocyte ability to recover from deformation under
mechanical squeezing. (A) Schematic diagram of the microfluidic chip
and definition of the squeezing condition. (B) Normal erythrocyte
deformation under mechanical squeezing. (C) Spherical erythrocyte
(spherocyte) deformation under mechanical squeezing. (D) Decreasing
deformation-recoverability with increasing squeezing time and flow
rate; each dot represents 300 cells. N is the number of pillars
(squeezing times) with length L (15 um) along the channel, and W (5
pum) is the squeeze channel width. LO is the length of the erythrocyte
within the last squeeze channel, and L1 is the erythrocyte length after
it emerges from the last squeeze channel.

To simulate the impact of changes in the blood flow
rate, the ability of erythrocytes to recover from
deformation was compared in N = 2200 channels using
two flow rates (Fig. 1D). The two selected flow rates (1
and 5 mm s™'; set as the maximum velocity at the outlet
channel) were based on the flow rate of blood capillaries
(0.3 mm s, 5-10 um)*” and the extracorporeal circulation
of an artificial heart pump (4-6 L min™, with a pipe 9.8
mm in diameter),”® respectively. Each experiment was
repeated three times, and 100 cells were analyzed in each
experiment. The observed value of L1/L0, which reflects
the ability of erythrocytes to recover from a deformity
after repeated mechanical squeezing, increased with time
and was smaller at low flow rates than at high flow rates
(Fig. 1D). The difference in the L1/L0 ratio between the
low flow rate and high flow rate conditions increased with
an increase in the number of squeezes. The sensitivity of
erythrocyte recoverability to the number of squeezes also
increased at a high flow rate. Thus, the loss of erythrocyte
ability to recover from deformation and the rate of loss
were larger at high flow rate than that at low flow rate.
Based on these observations, we inferred that erythrocyte
distortion probably occurred due to intermittent squeezing,
and this process was regulated by the flow rate.

This journal is © The Royal Society of Chemistry 2021
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Verification of L1/L0 for characterizing the deformability of
erythrocytes

After erythrocytes exited the squeeze channel, they entered
the recovery region and their length gradually returned to
normal. The ratio of L1/L0 was used to characterize the ability
of erythrocytes to recover from deformation (Fig. 1). Under
different flow rates, the time interval between L1 and LO was
different. In addition, erythrocytes need time to recover
because of their viscoelastic response. Therefore, in Fig. 2, a
fixed time interval (8 ms) was used to verify the ratio of L1/L0
to characterize the ability of erythrocytes to recover from
deformation. Here, we defined a new cell length, L2, as
shown in Fig. 2A. The cell trajectory and morphology of
erythrocytes during their movement in and out of the
squeeze microchannel is shown in Fig. 2A. The frame rate
was 2000 fps for flow velocity of 1.06 mm s™*, and 5000 fps
for 5.18 mm s, and the time interval was 8 ms. The figure
is a composite of images taken at different times from the
same video, and shows the trajectory of one erythrocyte. The
cell morphology did not change remarkably, and the cell
length decreased gradually along the flow direction after the
cell left the squeeze channel. As the erythrocytes flowed out
of the squeeze channel, the flow rate was obtained using
erythrocytes that flow in the middle of the entire channel. As
shown in Fig. 2B, the cell length changed remarkably when
the cell had just left the squeeze channel. The time interval
was 8 ms; for flow velocity of 1.06 mm s, L0 was 11.94 pm,
and L2 was 9.70 pm (L2/L0 = 0.812); for flow velocity of 5.18
mm s, L0 was 15.20 um, and L2 was 12.75 um (L2/L0 =
0.839). The distributions of L2/L0 are shown in Fig. 2C, with

Flow direction
- —_—

ixed time interval

:) Frame p: Interval time = 16frames, 8ms ~ >
= PPPDP hion N
B i ARA A S
=3 " Interval time = 40frames, -
= R
B G
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©
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20 30 40 Qo 50 100 150
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0 10

Fig. 2 Verification of L2/L0 for characterizing the deformability of
erythrocytes. (A) Definition of LO and L2, and the flow morphology of
erythrocytes in and out of squeeze microchannel. The frame rate was
2000 fps for velocity of 1.06 mm s, and 5000 fps for 5.18 mm s,
and the interval time was 8 ms. (B) Variation in cell length along time,
the time interval was 8 ms; for flow velocity of 1.06 mm s, LO was
11.94 um, and L2 was 9.70 um (L2/L0 = 0.812); for flow velocity of 5.18
mm s, LO was 15.20 um, and L2 was 12.75 um (L2/L0O = 0.839). (C)
The distribution of L2/L0 under different flow rates; there were 150
cells at .06 mm s7%, and 125 cells at 5.18 mm s *. The mean value of
L2/L0 was 0.807 + 0.0587 at 1.06 mm s, and 0.828 * 0.0719 at 5.18
mm s, Scale bar is 10 pm.
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150 cells at 1.06 mm s, and 125 cells at 5.18 mm s *,
showing a wide and similar distribution. The mean value of
L2/L0 was 0.807 + 0.0587 at 1.06 mm s ', and 0.828 + 0.0719
at 5.18 mm s '. The mean values were consistent with the
values in Fig. 1. L1 was the cell length after cell just had
flown out of the squeeze channel, controlling the cell
position during data analysis. L2 was measured sometime
after the cell had flown out of the squeeze channel,
controlling the reaction time of erythrocytes. The similar
trend of L1/L0 and L2/L0 under different flow rates verified
the use of L1/L0 in Fig. 1 and 3. The fast resilience and
deformability of erythrocytes play important roles in their
rapid movement into capillaries with a bifurcated structure,
and the captured dynamics of erythrocyte deformation more
authentically revealed the cell shape recovery behavior.
Therefore, in this paper, the position with the largest
morphological change of erythrocytes was selected to evaluate
the deformability of erythrocytes after repeated mechanical
squeezing, as reported in previous studies.*

Glucose helps maintain the erythrocyte ability to recover
from deformation after squeezed

Deformation of erythrocytes in the blood capillaries may
impact the release of oxygen and transport and release of
ATP to various tissues. This suggests that the body has
mechanisms to cope with squeeze distortion. Understanding
these mechanisms in detail may have implications in exercise
physiology. For example, intense exercise increases blood
flow rates, eg., in athletes training or competing.

A & i Acanthocyte

Spherocyte _Ruptured

-o-0mg/ml-0-0.5mg/ml-2-1mg/ml -710mg/ml

0.88 Number of squeezing N'=600

0.841
o
<0.80r
5

0.76|

0.72r

0 1 2 \% (n-?m/s) #

Fig. 3 Glucose helped repair the deformation-recoverability and
morphology of the erythrocytes when they were squeezed. (A)
Different morphologies of the erythrocytes observed in squeeze
channel without glucose. The dashed circles indicate clogged
spherocytes (green), spherocytes (red), and normal erythrocytes (blue).
(A1) Four critical morphologies of the erythrocytes were observed
using SEM. (B) Deformation-recoverability of erythrocytes at different
glucose concentrations and flow rates. (B1) Typical morphological
changes of erythrocytes at different glucose concentrations.
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Nevertheless, severe anemia and oxygen deprivation are not
caused by squeeze distortion, suggesting that other
mechanisms play a role in the protection of erythrocytes.
Furthermore, glucose-containing supplements help in the
recovery process. Glucose, therefore, likely plays an important
role in the protection against morphological changes and
improves the ability of erythrocytes to recover from
deformation, in addition to serving as an energy source.

To further understand the role of glucose in erythrocyte
morphology and ability to recover from deformation, we
refined the velocity range and added different concentrations
of glucose into the liquid flow path. Detailed experimental
procedures have been provided in the Experimental section.
To obtain SEM images, the flow rate was set at 1 mm s - and
the number of squeezes was set to N = 4200 to ensure
observation of the different morphologies of the erythrocytes.
The collection reservoir was placed close to the flow outlet,
and a fixing solution comprising glutaraldehyde (0.05% v/v)
was used. SEM images were obtained in the absence of
glucose and different erythrocyte morphologies were
observed. Fig. 3A1 depicts normal biconcave erythrocytes,
spinous  acanthocytes,  spherocytes, and  ruptured
erythrocytes. The ruptured erythrocytes were rarely observed
in the SEM images; we supposed that the ruptured cells were
severely damaged but were held together by the fixing agent.
The spherocytes, when viewed under an optical microscope,
presented highly symmetrical shadows because of their
uniform shapes. In contrast, because of the double concave
structure of a normal erythrocyte, some non-uniform
shadows were observed under an optical microscope, which
helped distinguish their shape (Fig. 3A). However, because of
the low resolution of the optical microscope, we could not
distinguish spinous erythrocytes from other cells in the flow
path. Thus, detailed cell morphologies were obtained using
SEM (Fig. 3A1).

To allow spherocytes to pass through the channels and
observe the blockage under extreme squeezing conditions
(Fig. 3A), the number of squeezes was reduced to N = 600
to study the effect of glucose on the erythrocyte ability to
recover from deformation and on cell morphology. The
L1/L0 values were determined at different glucose
concentrations and flow rates. As shown in Fig. 3B, a low-
glucose concentration (0.5 mg mL™") was sufficient to
improve the ability of erythrocytes to recover from
deformation during squeezing at high flow rates. Thus,
glucose enhanced the ability of erythrocytes to adapt to a
high blood flow velocity and facilitated the ability to
recover from deformation under these conditions, which
may help to maintain the ability of the erythrocytes to
transport oxygen. Higher concentrations of glucose (1 mg
mL™" and 10 mg mL™') also maintained the erythrocyte
ability to recover from deformation during the increased
flow rates. SEM images (Fig. 3B1) showed typical
morphological changes of the erythrocytes at different
glucose concentrations; the acanthocytes were observed
more frequently than the spherical erythrocytes.
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Glucose reduced the number of acanthocytes during
squeezing

Acanthocyte morphology was notable while testing the ability
of erythrocytes to recover from deformation at different
glucose concentrations. Even though earlier studies have
reported that spinous shape reduce the erythrocyte
deformation to some extent, spines disappear during
mechanical squeezing because of the altered structural
arrangement of the membrane. When the external pressure
is released, some acanthocytes recombine into normal
erythrocytes with a biconcave structure; thus, the number of
acanthocytes could not be counted accurately in the
experiment. However, the number of acanthocytes in the
reservoir reflected the number of cells with damaged
membrane due to experiencing squeezing friction. The
variation in the relative number of acanthocytes was
quantified in this section. Notably, the spherocytes clogged
easily in the squeezed channel, resulting in a deviation in the
statistical data. Detailed experimental procedures have been
provided in the Experimental section.

Briefly, after fixing erythrocytes in a glutaraldehyde
solution in the channel reservoir, their morphology was
captured under an inverted optical microscope. The number
of squeezes was N = 600, as shown in Fig. 3B. Two flow rates
and three glucose concentrations were compared to
determine the effects on erythrocyte spines during squeezing.
The established flow rates were within the range of
physiological flow conditions; the equivalent mean flow rates
in the outlet channel were as follows: 0.05 pL min™: 0.83
mm s %; 0.25 uL min™*: 4.07 mm s%; 0.5 pL min": 8.13 mm
s 1 pL min™": 16.3 mm s% 2 pL min™: 32.5 mm s ..
Considering the normal glucose concentration in human
blood vessels, 1 mg mL™ glucose was tested; 0 and 10 mg
mL ™" concentrations were used for in vitro cell distortion
testing based on the results in Fig. 3. Under each condition,
blood samples from three volunteers were tested and 350 +
30 cells were captured and identified.

The captured erythrocytes under two flow rates as shown
in Fig. 4A demonstrated that cell morphology of the
acanthocytes can be identified under an optical microscope.
The data from one volunteer (Fig. 4B) suggested that without
glucose, the number of acanthocytes increased with an
increase in the flow rate, which confirmed the results of
Fig. 1D. However, in the presence of 1 mg mL™" glucose (the
condition which significantly improved the erythrocyte ability
to recover from deformation), the cell morphology was not
altered, and 10 mg mL™" glucose significantly reduced the
number of acanthocytes. As shown in Fig. 4C, the effect of
glucose on the number of acanthocytes was obvious, which
was validated by the average data from three volunteers,
further indicating the accuracy of the data.

The prominent effect of 1 mg mL™" glucose, in terms of
improved erythrocyte ability to recover from deformation,
was mainly observed at the low flow rate, but the effect of 10
mg mL™" glucose was more obvious at the high flow rate.

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Effect of glucose on the repair of erythrocyte morphology. (A)
Morphology of erythrocytes at different glucose concentrations and
fixed flow rates. (B) Percentage of acanthocytes at different flow rates
and glucose concentrations; each column includes 350 + 30 cells. (C)
Average percentage of acanthocyte levels in blood samples from three
volunteers, each point includes ~1000 cells.

According to the theoretical analysis of Fig. 2, at high
velocity, erythrocytes are subject to greater friction and the
cell membrane is more vulnerable to damage. A high glucose
concentration repaired the acanthocyte morphology at high
flow velocity; however, the erythrocyte ability to recover from
deformation was independent of the high glucose
concentration (Fig. 3). In addition, the ability to recover from
deformation was similar in acanthocytes and normal
erythrocytes. The transition of the acanthocytes to the normal
shaped erythrocytes required higher glucose concentration
than that required for the recovery from deformation. This
model was reasonable, considering that the decreased
oxygen-carrying capacity of the acanthocytes required a rapid
increase in blood flow and timely supplementation of large
amounts of glucose for recovery (e.g., during high-intensity
exercise).

Long-term low blood glucose levels caused acanthocyte
formation in vivo

The results presented above showed that low glucose
concentrations resulted in acanthocyte formation after
repeated squeezing. Glucose is present in the circulatory

This journal is © The Royal Society of Chemistry 2021
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system of the human body under normal conditions;
therefore, we evaluated whether a similar glucose-dependent
acanthocyte increase occurs in vivo in mice. The detailed
experimental procedures are described in the Experimental
section. Insulin was injected into healthy mice to maintain
low blood glucose concentrations. To maintain the life of
mice during the injection of insulin, preliminary experiments
were carried out to ascertain the dosage of injected insulin,
the interval between injections, and the duration of
continuous observation, and the results are provided in ESL}
As shown in Fig. 5, three mice were used at a times in this
experiment. As shown in Fig. 5A, the blood glucose levels
stayed low for a long duration, because of repeated insulin
injections. According to the real-time activity status of the
mice, we gradually adjusted the dosage of insulin injected
into each mouse to maintain the vital signs of the mice while
keeping the glucose concentration low (Fig. 5B). The
erythrocytes of the mice were monitored through SEM.
Mouse blood samples were withdrawn every 30 min from
insulin treated mice (Fig. 5A), and the blood was rapidly
added into a glutaraldehyde solution to fix erythrocytes for
morphological analysis.

When blood glucose levels were maintained at low level
for a long time, the morphology of the erythrocytes in mouse
blood turned abnormal, as shown in Fig. 5D-F. Before
insulin injection, the erythrocytes exhibited normal biconcave
shape, whereas after insulin injection, some erythrocytes
became spinous shape. As the state of low-glucose
concentration continued, the number of acanthocytes in the
blood increased compared to that at the outset (dashed
circles in Fig. 5D-F). Approximately 100 erythrocytes were
counted for each mouse at each time point to determine the
relative content of acanthocytes. Based on the results
presented in Fig. 5C, the acanthocyte percentage increased
from <5% to 15% during the experiment, which indicated
that the low blood glucose condition induced acanthocyte
formation. The acanthocyte percentage was found to be
much lower in vivo than in vitro. The factors that impact the
erythrocyte morphology are diverse and complex, and in vivo
regulatory mechanisms may control abnormal erythrocyte
formation to ensure normal vital signs. Nevertheless, the data
supported our hypothesis that glucose may act as a lubricant
to repair the morphological changes of erythrocytes that
occur following repeated squeeze distortion. The control
group was injected with saline solution, and the morphology
of erythrocytes was not affected. The related results are
provided in ESL}

Conclusion

This study focused on the morphological changes in
erythrocytes after squeezing from the perspective of
biomechanics, and revealed the protective effect of glucose
on the erythrocyte membrane during repeated squeeze
friction motion. First, the erythrocyte squeeze observed in
capillaries was simulated in vitro, and the morphology of
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Fig. 5 Effect of low-glucose concentration on the erythrocyte morphology in mice. (A) Time-course of mouse blood glucose levels. (B) Dosage of
insulin injected into mice. (C) Acanthocyte percentage in blood with increased duration of low blood glucose levels. (Approximately 100
erythrocytes were counted for each mouse at each time point to determine the relative content of acanthocytes according to the SEM images,
which were randomly taken from the view during images shooting). (D) Morphology of the erythrocytes in the indicated mice (a#) at different
times. (E) Morphology of the erythrocytes in the indicated mice (b#) at different times. (F) Morphology of the erythrocytes in the indicated mice

(c#) at different times.

erythrocytes under different flow conditions was observed.
We showed that an increase in flow rate reduced erythrocyte
recovery from deformation. Then, the morphological changes
in erythrocytes were elucidated after repeated extrusion
in vitro. Finally, the role of glucose in reversing the
morphology of acanthocytes was verified from two aspects. In
vitro experiments showed that glucose restored the
erythrocyte deformability and morphological repair, whereas
in vivo experiments confirmed the effect of glucose on
reducing spiny erythrocytes.

The mechanical model of erythrocytes flowing in
capillaries has been well reported through theoretical and
experimental methods in previous studies.*** There is a
lubricating layer between the erythrocytes and the blood
vessel wall, which is associated with cell location, cell
velocity, apparent viscosity, and cell surface area. Erythrocyte
membrane is damaged after repeated squeezing. Therefore,
we deduced that there was a relative motion between the cell
membrane and channel wall, which further caused the
damage on cell membrane during squeezing. This should be
explored in future studies using the tribological theory.

This research has heuristic value for the development of
organ chips and single-cell precision detection chips in terms
of chip design. The results will also aid in advances in the
research of artificial erythrocytes in terms of cell membrane
morphology. In terms of chip development, the experimental
results highlight the importance of glucose and may have
implications in development of detection technologies and
pharmaceuticals in the future. We recommend researchers to
consider the cell membrane damage when designing and
implementing experiments to obtain more accurate and
usable experimental data and to better mimic the
physiological environment of cells. Insulin injections may

902 | Lab Chip, 2021, 21, 896-903

have affected other biochemical parameters of the mouse,
which were not evaluated in this study. In addition, the
morphological alteration during squeeze distortion was
analyzed from biomechanical perspectives; however, the
mechanism by which glucose improves cell distortion was
not revealed in this study and warrants further
investigations.

Previous in vivo and in vitro studies have shown that higher
glucose  concentrations reduce the deformability of
erythrocytes."”***! However, few studies have shown the impact
of mechanical stress on erythrocytes in the absence of glucose
or at low glucose concentrations. The experimental results can
be interpreted in the context of human physiology. In particular,
the impact of increased blood flow rates as a result of intense
training and competition of athletes may cause erythrocytes to
become more distorted. Athletes in training and those
participating in sports competitions need a rapid and large
amount of oxygen exchange, and erythrocytes release oxygen via
deforming in the capillaries to provide the required levels of
oxygen and ATP. Thus, athletes constantly need to replenish
energy, and one of the most direct and effective methods to
achieve this is the intake of glucose solution as a supplement.
This supplementation provides the material for energy
production as well as lubricates the system, thus helping in the
maintenance of the erythrocyte morphology and increasing
erythrocyte resistance to distortion.

In summary, our study explored the effects of repeated
deformation on the erythrocyte morphology and the
protective role of glucose in facilitating reversible
morphology of spinal erythrocytes. These results explain the
protective effect of glucose on cell membranes during
squeeze-deformation from a mechanical perspective and
provide new insights into sports medicine and research.

This journal is © The Royal Society of Chemistry 2021
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