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This paper reports the first study of stiffness/deformability changes of lymphocytes in chronic lymphocytic
leukemia (CLL) patients, demonstrating that at the single cell level, leukemic metastasis progresses are
accompanied by biophysical property alterations. A microfluidic device was utilized to electrically measure
cell volume and transit time of single lymphocytes from healthy and CLL patients. The results from testing
thousands of cells reveal that lymphocytes from CLL patients have higher stiffness (i.e., lower
deformability), as compared to lymphocytes in healthy samples, which was also confirmed by AFM
indentation tests. This observation is in sharp contrast to the known knowledge on other types of metastatic
cells (e.g., breast and lung cancer cells) whose stiffness becomes lower as metastasis progresses.

O
ver the past decade, there is growing evidence showing that cells undergo biophysical property changes
during disease progression1,2. For example, the increased deformability of malignant cancer cells, as
compared to benign cells, facilitates their migration and invasion3,4; and in sickle cell disease, sickled red

blood cells due to their higher stiffness can cause vaso-occlusion5. Biophysical property changes of various
leucocytes under a number of pathological conditions have been reported. Neutrophils were found to be signifi-
cantly stiffened by formylmethionyl-leucyl-phenylalanine (FMLP) activation, and thereby took longer time to
pass through 5 mm capillary pores6. Neutrophils’ deformability can be severely impaired in sepsis patients, and
thus migration capability was consequently jeopardized7,8. Research has also shown that immature granulocytes
and lymphocytes’ inability to traverse micropipettes due to their compromised deformability, which can cause
leukocclusive events, abnormal intravascular leukocyte aggregation and clumping in vasculature9. A recent
micropipette aspiration study of lymphocytes from diabetic mice revealed that diabetic lymphocytes are stiffer
than control cells, which is associated with several clinical complications10.

Leucocytes are nonadherent cells and can be tested with atomic force microscopy (AFM) when mechanically
immobilized in microfabricated wells11,12. Using this technology, the stiffness alteration of acute lymphoblastic
leukemia (ALL) cell lines (HL-60 and Jurkat) caused by chemotherapy was quantified13. The study concluded that
after exposure to chemotherapy, leukemia cells possess increased stiffness, and the type of chemotherapy can
affect stiffness kinetics. The increased cell stiffness in ALL patients with leucostasis symptoms was also shown by
using the AFM technique12. Most recently, data obtained using optical tweezers provided preliminary evidence
that leukemic hematopoietic cell populations in normal and leukemia patients with distinct primitiveness exhib-
ited differential deformability14.

To understand the pathophysiology involving biophysical properties of cancerous leukocytes (leukemia),
existing studies either performed measurement on cell lines instead of patient samples or tested a very limited
number of cells. This paper presents the first study of stiffness/deformability changes of lymphocytes in chronic
lymphocytic leukemia (CLL) patients based on the measurement of more than 1,000 cells per patient sample. The
results reveal that lymphocytes from CLL patients have a higher stiffness (i.e., lower deformability), as compared
to their counterparts in healthy samples, which is different from the known knowledge on other types of
metastatic cells (e.g., breast and lung cancer cells) whose stiffness becomes lower as metastasis progresses.

Methods
Human lymphocytes mainly consist of B cells and T cells. Although previous studies have shown that CLL primarily affects B lymphocytes15,
the exact origin of CLL disease is still controversial. In this study, the entire lymphocyte population was studied as a single group. Peripheral
blood samples were collected from patients diagnosed with CLL and treated with ethylenediaminetetraacetic acid (EDTA, 1.5 mg/ml) as
anticoagulant. Tests were performed in accordance with a research protocol approved by the Mount Sinai Hospital Review Board, and
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informed consent was obtained from all subjects. Mononuclear cells were isolated
using a standard density-gradient protocol (Ficoll-Paque PLUS, GE Healthcare Bio-
science, AB). Briefly, 4 ml of diluted whole blood (2 ml blood52 ml PBS) was care-
fully layered on 3 ml Ficoll-Paque PLUS, and then centrifuged at 400 g for 30 mins,
which leaves the lymphocyte layer at the interface. The lymphocyte layer was re-
suspended in 6 ml PBS and centrifuged at 80 g for 10 min to remove platelets. After
removing the supernatant, the cell pellet (,5% monocytes and erythrocytes, .95%
lymphocytes) was re-suspended in PBS with 1% w/v BSA. A final density of 3 M/ml
was used to significantly reduce the occurrence of multiple cells present in the
measurement area and also to maintain a relatively high testing throughput. Samples
were kept at room temperature for 30 min to reduce adhesion to channel walls. The
testing of each sample was completed within 15 minutes at room temperature. To
minimize potential artifacts during the preparation procedure, all samples were
processed by strictly following this protocol.

Microfluidic devices were fabricated via standard PDMS soft lithography. The two
stages of the microchannel [Fig. 1(a)] have cross-sectional areas of 5 mm 3 5 mm and
8.5 mm 3 8.5 mm, respectively16. Two Ag/AgCl electrodes (200 mm diameter) con-
nected to a lock-in amplifier (SI Fig. 1) were used to measure resistance changes at a
sampling rate of 115 kHz (time resolution , 8.6 ms). Due to the blockage of electrical
current, a single cell generates a pair of resistance peaks [Fig. 1(b)(c)] when driven
through the channel under a negative pressure (3 kPa). In Coulter counter, when a
dielectric particle suspended in electrolytes transits through a small orifice, it pro-
duces a change of resistance that is proportional to the particle’s volume17,18. The
small peak and the large peak in our resistance profile correspond to the resistance
increase when a cell passes through the 8.5 mm 3 8.5 mm channel and the 5 mm 3

5 mm channel, respectively. A threshold value was set to be 2% higher than the
resistance without cells passing. The height of the smaller peak (DR) was used to
measure cell volume according to the Coulter counter principle. The width of the
larger peak (time span between the intercepts of the threshold and the peak profile)
was used to determine transit time, Dt19,20. The events that multiple cells appeared
simultaneously in the channel were excluded in post data processing.

The channel dimension of 8.5 mm 3 8.5 mm was specifically chosen to allow all
lymphocytes to pass without being compressed by channel walls, and in the mean-
while, to achieve distinct volume measurement. The channel dimension of 5 mm 3

5 mm was selected to balance the need of constriction (smaller than the diameter of
lymphocytes) and experimental practicality (e.g., ease of fabrication and reduction of
clogging). The dead volume in between was designed to separate the two peaks in the
resistance profile for the convenience of data processing. The length of both mea-
surement units was chosen to be 15 mm to lower the overall resistance of the system
and achieve clear signal profiles when a cell passes through the measurement units.

Fig. 1(b) shows experimental data measured within 1 sec (11 cells). Fig. 1(c) is the
zoomed-in view of the circled area in Fig. 1(b). To extract the actual cell volume, finite
element modeling was conducted in COMSOL. Cells possess complex electrical

properties consisting of both capacitive and resistive components. However, in low
frequency measurements, cells behave similarly to a dielectric object18,21. Thus, in
finite element modeling, dielectric spheres with known sizes (diameter ranging from
5.0 mm to 8.5 um) were simulated and corresponding electrical resistance values were
determined. The relationship between sphere size and resistance change is shown in
SI Fig. 2. Cells with a diameter larger than 8.5 mm or smaller than 5 um were
monocytes and red blood cells, and hence excluded in data processing.

Results and Discussion
Fig. 2(a) shows scatter plots of transit time vs. cell volume for lym-
phocytes from a control/healthy sample (n 5 1,048) and a CLL
sample (n 5 796). The distributions of cell volume and transit time
are presented in Fig. 2(b). Transit time is mainly affected by cell
volume and cell deformability. We first investigated whether cell
volume alone can explain the transit time variation. Within the same
sample, lymphocytes with larger volume indeed took longer time to
travel through the microfluidic channel. Our measured transit time
exhibited a power law dependence on cell volume in agreement with
previous studies where cell is modeled as a viscous liquid drop22,23. It
is worth noting that within the same sample, a 2 mm change in cell
diameter caused transit time to span more than an order of mag-
nitude, which indicates the dominant effect of cell size/volume on
transit time.

However, with the same diameter, transit time of the lymphocytes
varies by 3–4 folds, which indicates the effect of cell deformability
differences. As shown in Fig. 2(a), the median cell diameter and
transit time of the control sample were measured to be 7.20 mm
and 4.81 ms; whereas the median cell diameter and transit time
are 6.92 mm and 5.63 ms for the CLL sample. Cells in the CLL sample
are smaller compared to cells in the control sample but take longer
time to pass through the 5 mm 3 5 mm channel. This fact led us to
hypothesize that lymphocytes in CLL patients have decreased
deformability.

Cell volume and transit time from 5 control samples and 5 CLL
samples were measured using the microfluidic system. As shown in
Fig. 3(a)(b), for each sample, the three lines of the box represent 75

Figure 1 | (a) Microfluidic system for electrically measuring lymphocytes volume and transit time. When a lymphocyte is driven through the

measurement units under a negative pressure (3 kPa) (also see SI Video), the total electrical resistance of the channel increases due to the blockage of

electrical current. (b) Experimental resistance data recorded within 1 second. Zoom-in of the circled area is shown in (c). Cell volume and transit time are

determined by measuring DR and Dt.
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percentile, median, and 25 percentile. The whiskers represent the
locations of maximum and minimum. Fig. 3(c)(d) summarize aver-
age group median values of transit time and cell volume with error
bars representing standard error of the mean. Compared to control
samples, CLL samples have a smaller cell volume (7.1 6 0.06 mm vs.
7.3 6 0.03 mm) but a higher median transit time (5.1 6 0.44 ms vs.
3.5 6 0.16 ms), indicating that CLL lymphocytes are less deformable.
The volume measurement results fall in the same range as reported in
previous studies24. Statistical difference exists between the two
populations.

Furthermore, as shown in Fig. 3(a), 75 percentile, median, and 25
percentile cell transit time values were all higher for CLL samples,
demonstrating that the measured transit time difference reflects
entire cell populations tested in this work. Fig. 3 (e)(f) present the
difference of 75 and 25 percentile of cell transit time and diameter.
Cell transit time variance is more prominent in CLL samples, likely
attributed to the increased heterogeneity caused by accumulated
mutations during malignancies25. SI Fig. 3 presents the relationship
of median transit time and median diameter of the control and CLL
samples. There are samples with slightly smaller volume exhibiting
longer transit time (for both control and CLL samples), indicating
that deformability variation in addition to cell volume also contri-
butes to the observed transit time difference. Note that since none of
the CLL patients showed leukostasis symptoms, all the lymphocytes
were able to pass through the microchannel26.

It has been reported that changing the coating of channel surfaces
from PEG to PLL can cause cell entry velocity and transit velocity to
decrease22, indicating that surface properties can possibly contribute
to transit time differences by influencing the friction between cell
membrane and microfluidic channel walls. In our work, the isolated
lymphocytes were incubated in PBS with 1% BSA for 30 min to
reduce friction16. Before loading cells, the microfluidic channel was
also perfused with PBS 1 1% BSA for 30 min to further reduce
friction force of control and CLL lymphocytes. To confirm the mea-
sured transit time difference (control vs. CLL) truly reflects cell
deformability/stiffness, lymphocytes from a control sample and a
CLL sample were tested using AFM indentation.

Lymphocytes’ stiffness was measured when the cells were
immersed in PBS at room temperature using an AFM (Bioscope
Catalyst, Santa Barbara, CA) mounted on an inverted microscope.
The cells were mechanically immobilized within microwells11,12.
AFM indentation was conducted in contact mode using a triangular
silicon nitride cantilever with a nominal spring constant of 0.03 N/m
(MSCT-D, Veeco Probes, Camarillo, CA). The spring constant was
calibrated using the thermal noise method in the software

(Nanoscope 8.10) provided by the AFM manufacturer. Force-
indentation curves were collected with a loading speed of 20 mm/s,
and a triggering force of 500 pN was set to minimize substrate effect.

Figure 2 | (a) Scatter plots of transit time vs. cell diameter for lymphocytes from a control/healthy sample (n 5 1,048) and a CLL sample (n 5 796).

Transit time exhibits a power law dependence on cell volume/diameter. (b) Histograms of cell diameter and transit time of the control and CLL

samples.

Figure 3 | Transit time (a) and cell volume (b) measured from 5 control/

healthy samples (red) and 5 CLL samples (cyan). For each sample, the three

lines of the box represent 75 percentile, median, and 25 percentile; the

whiskers represent the locations of maximum and minimum (n < 1,000

for each sample). The average median values of transit time (c) and cell

diameter (d) of the 5 control samples and the 5 CLL samples are 3.5 6

0.16 ms vs. 5.1 6 0.44 ms and 7.3 6 0.03 mm vs. 7.1 6 0.06 mm,

respectively. In general, cells in CLL samples are slightly smaller than cells

in control samples but reveal a longer transit time, indicating that they are

less deformable. (e) and (f) summarize the difference of 75 and 25

percentile of cell transit time and diameter. *p was calculated using Mann-

Whitney nonparametric analysis; and error bars represent standard error

of the mean value.
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Baseline corrections were applied to the raw curves to eliminate
curve inclination before tip-cell contact. The elastic moduli of
lymphocytes were quantitatively determined by fitting the force-
indentation curves (contact zone) to the standard Hertz model for
pyramidal tips. The half angle and the radius of the pyramidal
AFM tip were set to be 14u and 10 nm, respectively in calculation.
In all Hertz model fitting, R2 is above 0.99. Fig. 4(a) shows experi-
mental indentation curves of two representative lymphocytes from
a control sample (n 5 10) and a CLL sample (n 5 14). The elastic
moduli of control and CLL samples are summarized in Fig. 4(b)
(mean 6 SEM: 2.9 6 0.36 kPa and 5.4 6 0.38 kPa). This differ-
ence in elastic modulus confirms that lymphocytes in CLL patients
have a higher stiffness than lymphocytes in control samples, and
the higher stiffness contributes to the longer transit time of CLL
lymphocytes, although a quantitative correlation between AFM
results with cell transit time from microfluidic measurement can-
not be established.

In AFM indentation, the choice of cells to test was arbitrary. The
use of microwells to confine cells could also increase cell tension;
therefore, relatively loose confinement is desired. Additionally, the
heterogeneity of cell structures and local measurement of AFM can
also induce variance in the quantified elastic modulus values (In this
study, the average value of three indentations on different locations
was used as the cell’s elastic modulus). In comparison, the micro-
fluidic testing is relatively easier to control and can better reveal the
inter-sample variability. Thus, the AFM results are only used to
provide qualitative evidence that CLL lymphocytes are mechanically
stiffer.

Difference in actin filament density was often thought respons-
ible for deformability differences between two cell types19,22.
However, a decrease in actin content of lymphocytes from CLL
patients was previously found27. In addition, no connection was
found between actin level and cell deformability in human leuke-
mia cell lines11. Recently, vimentin (intermediate filaments) was
shown to have dominant influence on mouse lymphocyte deforma-
tion28. In our study, we noticed that the nuclei of CLL lymphocytes
occupy almost the entire cell [SI Fig. 4]. As a result, when they flow
through the microfluidic channel, the nuclei of CLL lymphocytes
could have contributed more significantly to transit time since cell
nuclei are known to be significantly stiffer compared to cytoplasm
and cell membrane9,29,30. Thus, the enlarged nuclei may be a factor
that contributes to the longer transit time observed for CLL lym-
phocytes. In the AFM measurements with an indentation depth of
2 mm, the nuclear effect should have reflected itself in the quan-
tified elastic modulus. However, the exact pathological causes and
the underlying mechanism of the observed deformability difference
in lymphocytes from healthy and CLL patients necessitate further
investigation.

Conclusion
This paper reports stiffness/deformability differences of lymphocytes
from healthy donors and chronic lymphocytic leukemia (CLL)
patients. Microfluidic measurement was used to quantify cell volume
and transit time of thousands of lymphocytes from control and CLL
samples. The results reveal that CLL lymphocytes have higher stiff-
ness (i.e., lower deformability), as compared to lymphocytes in
healthy samples. Their higher stiffness was also confirmed via
AFM indentation. This study demonstrates that at the single cell
level, leukemic metastasis progresses are accompanied by biophysical
property alterations. Further work involving a large sample size
could reveal the heterogeneity of CLL lymphocyte deformability
and establish a correlation of deformability alterations and clinical
symptoms. Technically, the development of biophysical models can
enable the extraction of lymphocyte elastic modulus from the mea-
sured cell volume and transit time.
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