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ABSTRACT

Multiple myeloma (MM), the disorder of plasma cells, is the second most common type of hematological cancer and is responsible for
approximately 20% of deaths from hematological malignancies. The current gold standard for MM diagnosis includes invasive bone
marrow aspiration. However, it lacks the sensitivity to detect minimal residual disease, and the nonuniform distribution of clonal plasma
cells (CPCs) within bone marrow also often results in inaccurate reporting. Serum and urine assessment of monoclonal proteins, such as
Kappa light chains, is another commonly used approach for MM diagnosis. Although it is noninvasive, the level of paraprotein elevation is
still too low for detecting minimal residual disease and nonsecretive MM. Circulating CPCs (cCPCs) have been reported to be present in the
peripheral blood of MM patients, and high levels of cCPCs were shown to correlate with poor survival. This suggests a potential noninvasive
approach for MM disease progress monitoring and prognosis. In this study, we developed a mechanical property-based microfluidic plat-
form to capture cCPCs. Using human myeloma cancer cell lines spiked in healthy donor blood, the microfluidic platform demonstrates
high enrichment ratio (>500) and sufficient capture efficiency (40%-55%). Patient samples were also assessed to investigate the diagnostic
potential of cCPCs for MM by correlating with the levels of Kappa light chains in patients.
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INTRODUCTION Society has estimated that there were 26 850 new cases of MM and
11240 MM-associated deaths in the United States in 2014."

Recent studies showed that some myeloma cells leave the bone
marrow and enter the peripheral blood.” These clonal circulating
plasma cells (cCPCs) can be identified in the blood collected from
state eventually developing in all patients. MM accounts for MM patients, and the presence of cCPCs in newly diagnosed MM

Multiple myeloma (MM) is a malignant of plasma cells that accu-
mulate in the bone marrow, leading to bone destruction and marrow

failure. Currently, it remains incurable, with a treatment-refractory

about 1.8% of all cancer and slightly over 17% of hematologic patients correlates with shorter survival.>* Studies have shown the
malignancies in the United States.' The American Cancer occurrence of cCPCs in MM patients to be around 1-10 per 50 000
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cells in whole blood and dependent on the stage of disease.’
Slide-based immunofluorescence assay is the most commonly used
method to detect cCPCs, but it is complex and labor-intensive.”*
Multiparametric flow cytometry (MFC) is a more sensitive tool to
detect and quantify the concentration of cCPCs in whole blood.
Quantification of cCPCs using multiparametric flow cytometry
(MFC) is capable of identifying patients with smoldering MM that
are likely to progress to active MM within 2 years.

Although MFC is, currently, the most widely accepted method
for cCPCs detection, there are several limitations associated with it.
First, the sensitivity of MFC at the magnitude of 10> (1 cell per 10°
cells) is not high enough to detect cCPCs in all MM patients or to
quantify cCPCs accurately. Second, the interpretation of MFC
results lacks standardization and is subjective. Third, MFC indicates
the presence of cCPCs, but provides limited cellular and molecular
information of cCPCs,” which is crucial for monitoring clonal evo-
lution and predicting prognosis. Moreover, it requires a large
volume of samples (7.5ml blood) to produce accurate results.*
Furthermore, it requires the RBCs in the samples to be lysed, inevi-
tably causing CPC loss in the samples.

For nearly all hematologic malignancies, a direct correlation
exists between the depth of response to the treatment and prolong-
ing the survival.”” Thus, the ability to detect and monitor minimal
residual disease for patients, particularly ones in the complete
remission stage, can greatly benefit the evaluation of treatment
effect and the prognosis of disease. The in-depth cellular and
molecular analysis of isolated cCPCs will be critical in understand-
ing the mechanisms of relapse, metastasis, drug resistance, and
clonal evolution of MM.*

Microfluidics have shown great potential in cell sorting in
general. Affinity-based sorting is one of the most classic and
common cell sorting technologies in microfluidic chips.”™"" Indeed,
a CD138 antibody-based microfluidic device had been reported in
isolating circulating plasma cells from the peripheral blood of MM
patients.” With this device, the number of circulating plasma cells
captured from relapsing patients ranged from 45 to 184 cells/ml
with a purity of 1%-5%. Unfortunately, this device is not able to
differentiate normal circulating plasma cells from cCPCs. Although
the authors of this study suggest that the number of circulating
plasma cells captured by their device can be used to diagnose MM
progression, the direct correlation to disease stages was not demon-
strated in the study. In contrast, previous clinical studies have dem-
onstrated that cCPCs are highly relevant to the progress of MM."’
The presence of cCPCs is also a marker of high risk in newly diag-
nosed MM patients.” Thus, in this study, we aim to capture cCPCs
in patients’ blood samples.

One of the limitations of affinity-based sorting is the lack of
the ability to retrieve captured cells without compromised cell
integrity, which is critical for a later disease mechanism study. To
address this limitation, we designed a label-free microfluidic system
for capturing cCPCs from the peripheral blood. Although there are
existing label-free microfluidic technologies (Dean flow-based plat-
forms, sieve or filtration-based platforms, electrophoresis, and
acoustophoresis) in the application of isolation circulating tumor
cells (CTCs),"'™" to the best of our knowledge, we are the first
group to design a label-free microfluidic device specifically for
cCPCs based on their unique physical and mechanical properties.

scitation.org/journal/bmf

METHODS
Cancer cell line and clinical samples

U266 human myeloma cells (American Type Culture Collection)
were cultured in suspension in RPMI-1640 (Gibco™) supplemented
with 10% fetal bovine serum (FBS, Gibco™), incubated at 37 °C
with 5% carbon dioxide. Cells were passaged from 8 to 14 genera-
tions. The diameters of U266 cells were estimated with the image-
based assay (Axio Vision software) integrated with an inverted
microscope (ZEISS Axio Vert.Al).

Blood samples from 2 MM patients and 4 healthy donors were
analyzed. All the blood samples were preserved in Vacutainer collec-
tion tubes (BD—Becton Dickinson) filled with ethylenediaminetetra-
acetic acid (EDTA) solution. Fresh blood samples were placed on a
nutator in room temperature (within 1h of sample collection) prior
to experiments. The blood sample was diluted 1:1 with PBS
(Phosphate-buffered saline). This study was approved by the institu-
tional review board of the participating center, and written informed
consent was obtained from all patients and healthy donors.

Microfluidic device fabrication

Soft lithography was used to create the array structure. Channel
and pillar features of the device are designed in the photomask and
then transferred onto the SU8-2000 (Mirochem, USA) photoresist.
After that, the photoresist layer was exposed to ultraviolet (UV) light
to create the designated pattern and then the silicon master was fab-
ricated to produce the microfluidic chips. Polydimethylsiloxane
(PDMS) was selected as the material for prototyping the microfluidic
devices because it is a moderately stiff elastomer and commercially
available at low cost. Moreover, it is nontoxic and optically transpar-
ent, which is essential for imaging.

Microfluidic system setup

The system is composed of syringes, Cole-Parmer Stopcock with
Luer connections, tubes, a microfluidic chip, and a TJ-3A longer
syringe pump. Stopcocks and precision tips were used to connect the
tubes on the chip with the syringes on the pump. The syringe pump
was then set to withdraw flow from the inlet to the outlet, and the
chip was placed on the microscope stage for real-time monitoring of
the cCPC-isolation process.

Computational simulation

Fluid computational analysis was used to assist the microflui-
dic chip design. Since blood normally coagulates upon exposure to
a foreign interface,'* pillars in our microfluidic channel would
increase blood coagulation by hindering the flow and increasing the
adhesion of cells, such as platelets. Therefore, it is important to
design appropriate pillar geometry to minimize resistance. Circular,
square, and diamond pillar shapes in the flow field were analyzed
using COMSOL Multiphysics. A 2-dimensional simplified model
and fluid properties of blood (density of 1050 kg/m* and viscosity of
0.005 Pas at 25°C'") were used in simulation. Furthermore, since a
previously published cell-capturing microfluidic device reported
flow velocity at 0.5-10mm/s,'® and Reynold’s numbers for this
range of velocity are less than 1, a Stokes flow model was used to
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construct the simulation. With these parameters, when the inlet
flow speed was set at 1 mm/s, the system reached a steady state
within 1s. Thus, the steady state and the no-slip boundary condi-
tion were used for further analysis. We then simulated the flow at
0.1-30 mm/s to generate velocity and fluid stress profiles for each
pillar geometry [Figs. 1(a)-1(d)]. Based on the simulation results,
the drag coefficient Cq of each pillar shape was then calculated

ARTICLE scitation.org/journal/bmf

using Eq. (1) and plotted against the flow rate [Fig. 1(e)]. This plot
showed that the circular shape creates the biggest drag coefficient,
whereas the diamond shape yields the smallest resistance. The drag
coefficient could be further reduced by adjusting the diagonal ratio
of the diamond shape. However, on the other hand, we also need
the pillar to have enough longitudinal width to intercept the cells.
Therefore, instead of further adjusting the diagonal ratio, we directly
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FIG. 1. Velocity and pressure profile of circular (a), square (b), and diamond shape with diagonal ratio (c) a=1 and (d) a = 0.43 under the microfluidic flow field. (e) Drag
coefficient varies with the liquid flow velocity.
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selected the diamond shape with a diagonal ratio of 0.43 as the
basic geometry for the micropillar design,
_2'Fy

Ci=——, 1
4= A 1)

where Fj is the drag force, p is the mass density of the fluid, v is the
flow speed of the object relative to the fluid, and A is the area of the
geometry.

Simulation of cell-and-pillar contact in channel

Studies showed that MM cells have unique physical and
mechanical properties that distinguish them from ordinary blood
cells. At a size of 30-50 um,"” they are bigger than red blood cells
(RBCs) and white blood cells (WBCs), the main components of
peripheral blood. Human RBCs are approximately 6-8 um in diam-
eter with a biconcave disks shape,'® while WBCs’ diameter ranges
from 7 to 30 um."” Some of the WBCs, such as macrophages, can
be as large as the MM cells in diameter. However, MM cells are
much stiffer in terms of elastic’s modulus.”’ To isolate the MM
cells based on size and stiffness, the microfluidic channel is com-
posed of numerous arrays of micropillars. Three micropillars are
patterned together to make up one capture unit. The capture unit
is designed to filter out most of the normal blood cells by control-
ling the gap between the micropillars. RBCs can easily pass
through the capture unit due to its small size, while other large
WBCs can deform and squeeze through due to their lower elastic
modulus (20-200 Pa).”’ On the other hand, MM cells will be
trapped within the capture unit because of its larger size and high
cell membrane elastic modulus (around 540 Pa).*’

To determine the appropriate gap space for capturing MM
cells, we first employed computational fluid dynamics simulation to
guide our design. Blood exhibits a substantial non-Newtonian behav-
ior due to a mixture of cells and protein components.”* However, in
the simulation performed here, it focusses on how the MM cells and
other hematopoietic cells squeeze through a microfluidic filtering
channel, and thus whole blood is considered a Newtonian fluid
(plasma) with particle suspension (hematopoietic cells) in it. In
order to ensure that all WBCs pass through the capture unit, we sim-
ulated the most difficult situation, which used the upper limit
(30 um and 200 Pa) of the WBCs’ size and elastic modulus. In the
simulation, a particle with such mechanical properties was traced in
the flow field with velocity ranging from 1 to 30 mm/s [Fig. 2(a)].
Figure 2(a) shows that the particle can comfortably squeeze through
the micropillars when the gap is wider than 11um, and the flow
velocity is greater than 6 mm/s. Furthermore, we also simulated the
MM cells passing scenario under the same flow velocity. The MM
cell’s diameter is set at 30 um with a cell membrane elastic modulus
of 540 Pa, to check whether it would pass through the capture unit
[Fig. 2(b)]. The simulation showed that within such flow velocity
(6 mm/s), the MM cells were not able to squeeze through the micro-
pillars due to their higher stiffness. Therefore, we can ensure that
micropillars with such design setup and flow condition would be
able to trap MM cells and filter out the other ordinary blood cells.
Particle tracing, Fluid-Structure Interaction, and Solid mechanics are
the packages used to complete this simulation.

scitation.org/journal/bmf

Design overview

Figure 3(a) shows the configuration of the cCPC-capturing
device. Blood, liquid, and chemical reagents enter the channel sepa-
rately to avoid any contamination. However, in the preliminary test
of the porotype, it was noticed that the debris or particles larger
than the average cell size entered the capture region and got stuck
in the flow chamber, adversely affecting the operation of the device.
This may be inevitable since the chip was already operating in a
dust-free environment. Therefore, a prefilter region was added that
consists of multiple layers of micropillars with gap spaces decreasing
stepwise from 60 to 45 um. Next, the capture region is composed of
8 separate channels; using such multichamber configuration was to
increase throughput and provide uniform flow compared to one big
chamber. In addition, there are over 5000 capture units located in
parallel and repeated in rows to ensure a large capacity. Detailed
geometrical information is demonstrated in Fig. 3(b).

Experimental design

The cCPC-capturing microfluidic device was designed based
on the size and stiffness of CPCs. We first tested the device’s ability
to capture MM cells and quantitatively measured its capture
efficiency under different volumetric flow rates. To do this, we ran
U266 cell suspension (1000 cells/ml in PBS) through the microflui-
dic device at volumetric flow rates of 0.5, 1, and 1.5 ml/h. Next, we
mixed U266 cells into 1 ml of the peripheral blood from healthy
donors to test the devices’ ability to isolate MM cells. The periph-
eral blood sample without U266 cells was also tested as a control.
Finally, blood samples from MM patients at releasing and remis-
sion stages were used to test the device’s ability to differentiate
patients at different stages.

Immunostaining and immunophenotyping of CPCs

Immunostaining was performed to identify CPCs from normal
plasma cells. Cells captured by the microfluidic device were fixed with
5% paraformaldehyde and permeabilized with 0.1% Triton X-100
(Sigma-Aldrich) in PBS. After blocking for 20 min with 5% FBS
(Wisent), CPCs were identified using a combination of stains:
4’ 6-diamidino-2-phenylindole (DAPI), phycoerythrin-conjugated
CD138 mouse monoclonal antibody, Alexa Fluor 647-labeled CD45
mouse monoclonal antigen, and Alexa Fluor 488-labeled CD19
mouse monoclonal antibodies (DAPI+, CD138+, CD45—, CD19-).""
All those reagents entered through the chemical inlet of the
microfluidic chip. A Zeiss Axio Observer inverted fluorescence
microscope was used for imaging. DAPI and CD138 were positive
for the identification of circulating plasma cells. It has been shown
that normal plasma cells are generally positive for these antigens,
whereas abnormal plasma cells characteristically lack CD19 and
variably express of CD45.”

RESULT AND DISCUSSION
Capture efficiency

The concentration of U266 cell suspensions was determined
by the BIO-RAD TC20TM Automated CellCounter and then
diluted to 1000 cells/ml in PBS, mimicking the low level of ¢cCPCs
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FIG. 2. Plots showing WBCs and CPCs passing through micropillars in simulations under the same capture unit configurations. (a) WBCs passing through. (b) CPCs
being captured with the free stream velocity at 6 mm/s, simulation time frame from 0 to 5 x 10~3s.
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FIG. 3. (a) Overview layout of the microfluidic chips. (b) Detailed dimensions of micropillars.

in the peripheral blood. The sizes of U266 cells were then measured
(Fig. 4) to confirm that the sizes of U266 cells fall within the range
of cCPCs and that results using U266 cells are a good reference. To
determine the effect of flow velocity on the capture efficiency, we
pipetted 1 ml of U266 cell suspension to the microfluidic chip at
velocities 1.5, 1.0, and 0.5 ml/h. DAPI was used to identify the cap-
tured cells, and the capture efficiency was calculated by Eq. (2).
A representative image of successfully captured U266 cells is shown
in Fig. 4(c). Enumeration of U266 cells was done by screening and

counting each of the capture units. The results are summarized in
Fig. 4(d), which shows that capture efficiency significantly increased
as the volumetric flow rate decreased. At 0.5 ml/h, the device’s
capture efficiency was around 50%. However, the volumetric flow
rate could not be further reduced since it would be lower than the
critical velocity (6 mm/s) required for the filtering function. The
capture efficiency measured from the MM cell line experiments using
our device is lower than other existing devices for capturing solid
tumor cells.”* One reason for this is that the myeloma cells originated
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from hematopoietic cells result in similar characteristics compared to
peripheral blood cells than solid tumor cells. For example,
the Elastic’s modulus for ovarian cancer cells is at the magnitude of
1-2 kPa, whereas it is only 500 Pa for MM cells.”’”* Thus, it is more
difficult to capture MM cells due to its lower rigidity,

trapped cells

Capture efficiency = % 100%. (2)

cell concentration x total volume input

cCPCs enrichment and purity

To evaluate the devices’ capability of capturing clonal plasma
cells in the blood, we spiked U266 cells in 1 ml of peripheral blood
from a healthy donor at varying concentrations to mimic samples
from MM patients. Three samples were individually processed in 3
microfluidic chips. 1500 and 500 U266 cells were resuspended in
samples 1 and 2, respectively. Sample 3 did not contain any U266
cells and was used as a control. To ensure consistency, the blood
used in these 3 samples was taken from the same donor. A buffer
solution was mixed with the blood samples at a volume ratio of 1:1
to prevent blood coagulation and reduce nonspecific cell adhesion.
This is important as it takes more than 4 h to process the sample
at a flow rate of 0.5 ml/h. EDTA, heparin, and citrate are the most
commonly used anticoagulants, with EDTA being the best for
long-time blood processing.”® Studies showed that, for PDMS
elastomers, the level of protein adsorption is positively correlated
with cell attachment and can be greatly reduced with Pluronic F68
surfactant treatment.”” Therefore, the buffer solution is made up of
0.IM Tris-EDTA (Sigma-Aldrich) and 1% w/v Pluronic F68
(Gibco™) in PBS.

Due to the complicated nature of the blood’s component, it is
expected that there is a decrease in capture efficiency for MM cell
lines once it gets mixed with blood, which is shown in Table L
While 510 and 107 U266 cells were captured and identified in
samples 1 and 2, respectively, only 1 captured cell in the negative
control (sample 3) was identified to have MM phenotypes based on
immunostaining. Furthermore, only around 2000 WBCs were
retained by the chip, filtering out 99.99% of WBCs as there are
approximately 5 million WBCs/ml of peripheral blood.”® After
the enrichment process, the ratio between U266 cancer cells to the
normal blood cells increased by up to 1:10°-10°. It enables the
functional characterization of cCPCs that are critical for disease

TABLE I. Enrichment performance of the microfluidic device to enrich the concen-
tration of clonal plasma cells from the peripheral blood.

Clonal CPCs Capture
captured Enrichment  efficiency

Trial No. enumeration ratio (%)
T1 (mix around 510 1133 34
1500 U266 cells)
T2 (mix around 107 713 21
500 U266 cells)
T3 (negative control, 1 N/A N/A

not mix U266 cells)

scitation.org/journal/bmf

interrogation and target therapy.”” Additionally, through immunos-
taining, we confirmed the identity of cCPCs from the background
cells as illustrated in Fig. 5, demonstrating that this device can sepa-
rate myeloma cells from the whole blood.

Capturing cCPCs from MM patients

We then proceeded to test the device using blood samples
from MM patients. To further challenge the limit of the microflui-
dic chip, we only used 0.5 ml of peripheral blood for MM patients.
The cCPCs captured from patients with high tumor burden were
drastically different with that from remission patients (low tumor
burden) or healthy donors, as shown in Table II. 117 ¢cCPCs were
detected in the peripheral blood sample from the relapsing MM
patient, 2 cCPCs from the remission MM patient, and 0-1 cCPC
from 2 healthy donors. Prior to our study, Qasaimeh et al. demon-
strated that the concentration of CPCs is low in the peripheral
blood of a healthy human, at 2-5 cells/ml.'° This is consistent with
our results showing the low number of CPCs detected in healthy
donors and the remission patient. Based on hospital reports, the 2
patients included in our study were clinically diagnosed as
Kappa-type MM, with Kappa light chain concentrations included
in Table II. With this information, we observed that a larger
number of captured cCPCs may correspond to an elevation of the
Kappa paraprotein level. It is understandable that our device is not
able to differentiate MM remission patients from healthy donors.
For those remission patients, particularly in the complete remission
stage with very low tumor burden, the cPC levels are outside the
detectable ranges of microfluidic devices and other available tests
such as flow cytometry." Healthy donors are used as the blank
control group in our study. If the number of cCPCs captured from
patients is not significantly different from healthy donors, it would
suggest very low tumor burden in these patients. We believe our
devices are more suitable for monitoring disease status (the tumor
burden) in myeloma patients rather than early diagnosis to screen
healthy individuals.

Using the physical sorting technique to capture CTCs is one
of the common approaches in this field. Based on the difference
between CTCs and blood cell physical properties (such as deform-
ability, size, hydrodynamic properties, etc.), by patterning some
microstructural units in the chip, CTCs can be separated from the
blood. Commonly used microstructure includes micropores,
microfilters, and micropillars.” ™ The tumor cells originated from
solid tissues and are generally larger than blood cells. Most
epithelial-derived CTCs range in diameter from 14 to 26 um, while
white blood cell diameters range from 8 to 20 um."” Using different
micropores, microfilters, micropillars, etc., which in terms of size
are smaller than the diameter of CTCs, the CTCs get stuck due to
the large diameter while the blood cells flow out together with the
buffer. Lim et al. designed a microfluidic chip that consisted of
hundreds of microarrays.”* The space between each micropillar
ranged from 8 to 9 um. The syringe pump pumped blood samples
from the inlet to the outlet of the chip. The system captures more
than 80% of MCF-7 and HepG2 cell lines in healthy human blood.
The author further validated the reliability of the system with blood
samples from 8 cancer patients and successfully isolated CTCs
from the patient’s blood. The entire process took only 1.5h.
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FIG. 5. Immunostaining of cCPCs. After capture, cells were stained for DAPI, CD138, CD45, and CD19. CPCs were identified as DAPI+/CD138+/CD45—/CD19—, WBCs
were identified as DAPI+/CD138+/CD45+, and ordinary plasma cells can be identified as DAPI+/CD138—/CD19+.

However, there is no such universal device that can be used to
capture all types of CTCs, particularly for cCPCs, a hematological
cancer not originating from solid tissues, having their own unique
physical properties.

In contrast, our micropillar-integrated microfluidic chip can
accurately detect and enumerate ¢cCPCs using much less sample
(0.5ml) and without preprocessing. Furthermore, this isolation is
based purely on mechanical properties and, therefore, allows
cCPCs to be captured without compromised cell integrity. It can
potentially recover cCPCs for further analysis by reversing the
direction of flow.

It is worth to note that the timing for clonal plasma cells
released from the bone marrow is rather random. It is very difficult
to ensure that the cCPC level in the peripheral blood is consistent
at any time and any point. Therefore, it is difficult to determine a

threshold value to differentiate a patient’s disease stages based on
the number of cCPCs captured. One potential solution is to directly
connect the microfluidic chip to the arm vein and allow the blood
to pass through the chip for about 1h, similar to the hemodialysis
process used for uremic patients. However, this would require
the material to be perfectly biocompatible and not induce any
coagulation.

To summarize, the microfluidic device presented here is a
highly sensitive method for quantifying cCPCs that also allows
for cytogenetic and molecular characterization of ¢cCPCs. More
comprehensive characterization of ¢cCPCs in MM may identify
molecular mechanisms of drug resistance. ¢cCPC evaluation
including chromosome transplantation, gene mutation, and drug
resistance could be done to guide individualized therapeutic
options.

TABLE II. Number of captured cCPCs from the blood of MM patients and healthy donors, with Kappa light chain concentrations (normal range of Kappa light chains:

3.3-194 mg/l”).

Total blood volume processed

Volumetric flow rate

Total number of cCPCs

Sample sources (mL) (ml/h) captured Kappa (mg/l)

MM relapsing patient 0.5 0.5 117 21792

MM remission patient 0.5 0.5 2 115

Healthy donor 1 0.5 0.5 0 N/A

Healthy donor 2 0.5 0.5 1 N/A
Biomicrofluidics 13, 064114 (2019); doi: 10.1063/1.5112050 13, 064114-9
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CONCLUSION

cCPC is a promising biomarker for MM, where the elevation
of cCPCs in the peripheral blood is associated with faster progres-
sion to active MM and shorter survival. Our device successfully
demonstrated the great potential of cCPCs to be used in early and
noninvasive diagnosis for MM. Further investigation with a larger
sample size is still needed to validate the results and evaluate the
relationships between the number of cCPCs and the types, stages,
and recurrence of MM. However, the micropillar device described
here should be considered a clinically relevant method for captur-
ing cCPCs.
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