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Acute myeloid leukemia (AML) is the most common form of acute leukemia in adults and associated with

poor prognosis. Unfortunately, most of the patients that achieve clinical complete remission after the

treatment will ultimately relapse due to the persistence of minimal residual disease (MRD), that is not

measurable using conventional technologies in the clinic. Microfluidics is a potential tool to improve the

diagnosis by providing early detection of MRD. Herein, different designs of microfluidic devices were

developed to promote lateral and vertical mixing of cells in microchannels to increase the contact area of

the cells of interest with the inner surface of the device. Possible interactions between the cells and the

surface were studied using fluid simulations. For the isolation of leukemic blasts, a positive selection strat-

egy was used, targeting the cells of interest using a panel of specific biomarkers expressed in immature
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1. Introduction

Acute myeloid leukemia (AML) is a malignant neoplastic
disease of hematopoietic stem cells and the most common
form of acute leukemia in adults." AML is characterised by
abnormal accumulation of myeloid progenitors in the bone
marrow (BM), blood, and other tissues, impairing the pro-
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and aberrant blasts. Finally, once the optimisation was complete, the best conditions were used to
process patient samples for downstream analysis and benchmarking, including phenotypic and genetic
characterisation. The potential of these microfluidic devices to isolate and detect AML blasts may be
exploited for the monitoring of AML patients at different stages of the disease.

duction of normal blood cells. The conventional diagnosis of
this hematological malignancy is performed by a BM biopsy to
identify the presence of leukemic cells (or blasts).

The most common form of therapy used in AML patients is
chemotherapy with approximately 80% of cases achieving
complete remission (CR). CR of the disease is considered
when less than 5% of leukemic cells are found in the BM
biopsy and blood counts are normal.>® Unfortunately, the
majority of AML patients (~50%) will ultimately relapse®* due
to the persistent of some undetectable leukemic cells that will
reinitiate the disease. This condition is named as minimal or,
more appropriately, measurable residual disease (MRD).>® In
MRD conditions, the number of leukemic cells, called leuke-
mic stem cells (LSCs), is down to 1 in 10*-10° total leukocytes,
frequencies lower than routine measurement by morphology
or cytogenetics are capable to detect.>”’® Hence the isolation
and detection of these blast cells remain one of the main chal-
lenges for MRD assessment in the clinic, highlighting the
need of new techniques. In fact, next generation sequencing
(NGS) has been used in some cases and has demonstrated
high benefits in terms of diagnosis, prognosis, accurate risk
stratification, and precision therapy in AML.*™"* Nevertheless,
the implementation of NGS in clinical diagnostics laboratories
has been slow, mainly due to the associated costs and the
requirement of specialised technicians."?

This journal is © The Royal Society of Chemistry 2024
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Recently, microfluidics has been one of the main techno-
logies applied for the isolation and detection of rare cells.
Microfluidic devices have been successfully used for size-
based,’*"” immune-based,'®'® or chromatographic-based sep-
aration,?® for cell encapsulation,”** and also microfluidic
flow cytometry.**>® Furthermore, microfluidic devices also
offer high efficiency for processing complex fluids with
minimal damage to the cells contained in these fluids, even
the most sensitive.?* > For example, Ribeiro-Samy et al.
demonstrated the isolation of circulating tumor cells (CTCs)
from whole blood using pillar structures to separate the cells
of interest from the other blood cells, based on size and
deformability."

Another strategy that is commonly used to isolate rare cells
is through the biological properties of the cells, like the
expression of specific markers. Inmune-based isolation is typi-
cally achieved by the immunomagnetic approach using func-
tionalised magnetic particles, but it can also be done by the
immobilisation of specific antibodies that will recognize the
cells of interest on the surface of microfluidic devices.*?
Interestingly, in most microfluidic devices the cells follow
streamlines with minimal molecular diffusion through the
flow channels since they are under laminar and uniaxial flow
conditions.>*> The design of microfluidic devices can be
tuned to increase the mixing and the contact of cells against
the surface to enable the efficient isolation of cancer cells. For
example, Stroock et al. proposed a structured channel ceiling
with a staggered herringbone working as a chaotic mixer,
increasing the contact of the cells with the surface.*® This
concept was later used for the first time by Stott and coworkers
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for the isolation of CTCs,*” followed by examples from other
researchers applied to different cancer types, including AML,
by introducing modifications to the microfluidic device.**™*°
In the AML context, a size-based strategy for blast isolation is
not optimal given that blast cells present similar sizes to the
blood cells. Thus, the biological properties of blasts should be
explored or their isolation by microfluidics devices.

Herein, we present the development of a microfluidic
device to isolate and concentrate AML blasts more efficiently.
This device is composed by two structures, micropillars and
herringbones, and the surfaces of these structures functiona-
lised with specific antibodies to recognise AML cells. The strat-
egy developed herein involves different geometries and struc-
tures, alone or in combination, in order to disrupt the flow
lines, provide lateral and vertical mixing, and maximize
number of contacts and contact duration between the target
cells and the antibody-coated walls themselves. After defining
the strategy that results in the best capture efficiency, the
system was tested with clinical samples using BM and peri-
pheral blood (PB) from AML patients. The developed device
has the potential to be applied to AML as well as to promote a
more further and individual analysis.

2. Results and discussion

2.1. Design and fabrication of microfluidic devices for the
isolation of AML cells

Devices with different geometries were designed to find the
best combination for the isolation of AML blasts (Fig. 1). First,
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Fig. 1 Schematic representation of the different microfluidic devices designed using AutoCAD. Dimensions of microfluidic devices (A): device total
surface: 75 mm of length and 25 mm of width (i); isolation area: 70 mm of length and 11 mm of width (ii) and diameter of the pillars and interpillar
space: 50 um (iii). AutoCAD designs of the geometry of pillars (B): micropillars device design (i); zoom in of a small section containing the pre-filters
and isolation area of the different designs: gap every 3 lines, gap every 4 lines and no gap (from left to right); (ii) different spaces between rows of
the pillars in the different designs and demonstration of the arrangement of the devices, pillars are arranged in an equilateral triangular array shape
with a shift after every 3 rows, and including a gap every 3 lines (iii), a gap every 4 lines (iv) and no gap (v). Herringbone design, the respective zoom
in and dimensions of the structure, from the top to the bottom (C). Depth of the masters was 50 um.

This journal is © The Royal Society of Chemistry 2024 Analyst, 2024, 149, 2812-2825 | 2813
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the device dimensions were adjusted to the standard dimen-
sions of a microscope holder, being the dimensions of a con-
ventional glass slide used 75 mm x 25 mm (Fig. 1A). Then,
taking into account principles for lateral and vertical mixing,
four different molds with different geometries were designed
and fabricated. Micropillar devices were designed with dimen-
sions, triangular arrangement and a shift every three rows
similar to the work described by Nagrath et al.** This arrange-
ment was considered one of the most efficient to isolate
cancer cells (such as CTCs),*! but a similar approach was never
tested in AML. Indeed, the application of microfluidic devices
for the enrichment of AML blasts has not yet been widely
explored. This is due to the fact that blasts enrichment is even
more challenging than CTC isolation, since expression and
morphology of leukemic blasts is very similar to that of
healthy blood cells.** Thus, three different micropillar designs
were considered according to the insertion of spacings
between consecutive row: one with a gap every three rows,
another with a gap every four rows, and the last one without
any gap (Fig. 1B). This difference among the three designs was
implemented to study the dynamic differences of the motion
of cells through the devices, which would have a direct impact
on the isolation efficiency and also to test if removing some
lines helps in the cell counting and does not significantly
affect cell enrichment. Finally, a herringbone design was also
produced, based on herringbone structures previously
described in the literature,” to study the potential of this
structure alone or in combination with the pillar-based iso-
lation approach (Fig. 1C).

2.2. Simulation of the behavior of the microfluidic devices

COMSOL Multiphysics was used to perform numerical simu-
lations. Microfluidics and Particle Tracing modules were used,
simulating a three-dimensional model and reduced versions of
the designs.

The designs of the devices were used in COMSOL to simulate
the process of cells transiting through microfluidic devices to
demonstrate the optimal design and combination (micropillars
or herringbone, alone, or in combination). In order to observe
which pattern presents the best theoretical isolation efficiency, a
series of simulations were conducted between all the different
designs at different input flow rates. Fig. 2A shows the results of
the simulations in the microfluidic device for the no gap design
combined either with a glass slide (Fig. 2A(i)) or with a herring-
bone structure (Fig. 2A(ii)). The simulations of the other designs
are included in the ESI (Fig. S1t).

The simulation results showed the designs (no gap only
and no gap combined with herringbone) and flow rates (2, 20
and 40 pL min~") that resulted in the highest number of par-
ticle-to-wall interactions, consequently allowing a higher
chance of having captured cells.

Moreover, the predicted capture efficiency in one section of
the device and also the extrapolation for the total area were cal-
culated (Fig. 2B). According to the data obtained from the
simulations, the best option was the device with no gap at
20 puL min~" with 37.67% in one section and 98.58% in the

2814 | Analyst, 2024, 149, 2812-2825
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extrapolation for the whole device (ESI, Table S1f).
Furthermore, it was found that when pillars are combined
with herringbone a slight decrease in the predicted capture
efficiency occurred. It is important to note that results and the
high values of capture efficiency obtained by the simulations
were performed under perfect conditions. These optimal con-
ditions were defined by no interference from other cells than
the particle/cell of interest and every time the particle touches
the surface it is supposed to remain in the isolation area.
Following these results and considering the best conditions
that resulted from the simulations, experimental optimisations
using microfluidic chips were performed to compare theore-
tical and experimental results.

2.3. Optimisation of the isolation of AML cells, using
microfluidic devices

2.3.1. Functionalisation strategies for antibody immobilis-
ation and the effect of the flow rate for the isolation of AML
cells. The use of chemical treatments is effective at increasing
the adsorption of proteins or antibodies onto a surface.****
Indeed, the functionalisation of polydimethylsiloxane (PDMS)
microfluidic devices allows the oriented immobilisation of
antibodies onto the channel surface, and promotes targeting
the cells of interest while reducing the non-specific binding of
non-targeted cells.**® In this work, the surface of the chan-
nels was activated using oxygen plasma to allow the covalent
binding of functional silanes, then activated to promote the
immobilisation of the antibody of choice, in this case cluster
of differentiation 34 (CD34). The CD34 antibody provides the
recognition of immature AML blasts that conventionally
express this biomarker, and is one of the most commonly used
in the panels for detection of MRD.”*” Two different functio-
nalisation strategies were tested, using different functional
silanes: (i) functionalisation A, which involves the modification
of the surface with an amino-silane, 3-aminopropyl-
triethoxysilane (APTES) and (ii) functionalisation B carboxy-
ethylsilanetriol (CTS). Schematic representation of the two
different functionalisation strategies are in the Scheme S1.7

Additionally, these two different functionalisation strategies
were replicated in silicon wafers and analysed by X-ray photo-
electron spectroscopy (XPS) - Fig. S2.1 The XPS results demon-
strated that both functionalisation protocols undergo modifi-
cations in the surface. However, considering the merge of XPS
results before and after antibody immobilisation, demon-
strated in the Fig. S2,f functionalisation B presented the
highest N 1s difference (Fig. S2B(vii)}) when compared with
functionalisation A (Fig. S2A(vii){), being characteristic of the
presence of the antibody in the surface.*®*° Thus, the functio-
nalisation that provides a better immobilisation of the anti-
body on the surface, according with XPS results, is the functio-
nalisation B.

Then, to determine the capacity of the developed microflui-
dic devices to isolate AML cells spiked in peripheral blood
mononuclear cell (PBMC) suspension, different parameters
and combinations were tested and the capture efficiencies
evaluated. The first parameter selected for testing in the micro-

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Simulation results. Performance of the micropillar device without spacing between rows (A(i)), when combined with a herringbone (A(ii)).
Theoretical capture efficiency per one section of the device and extrapolated for all the area of the device, for all the designs (B).

fluidic devices was the different functionalisation protocols,
and to confirm whether functionalisation B resulted in a
better capture efficiency. Thus, the two functionalisations A
and B were tested, maintaining the same flow rate at 20 uL
min~" and the design of gap every 4 lines bonded to a glass
slide for both. The results observed in Fig. 3C showed the
highest average of capture efficiency of 36.96% for functionali-
sation B, while functionalisation A showed a more humble
17.25%. These results demonstrate that functionalisation B
work better, corroborating the XPS results. Once the best func-
tionalisation protocol was selected, the next parameter to

This journal is © The Royal Society of Chemistry 2024

briefly observe if the flow rate affects the capture efficiency. For
this purpose, two flow rates were tested, 20 pL min~' and
40 pL min~" in the microfluidic device with a gap every 4 lines
combined with glass slide (Fig. 3D). At 20 pL min™" the
average capture efficiency was 36.96%, while at 40 pL min™*
was 34.31%, without significative differences (Fig. 3D). In this
sense and to have a higher throughput, the flow rate selected
for further experiments was 40 uL min~' and no significant
differences were found.

2.3.2. Influence of the device geometries and their combi-
nations. In the next set of optimisation experiments, all the

Analyst, 2024, 149, 2812-2825 | 2815
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Fig. 3 Schematic representation of the different combinations and respective brightfield images of the devices images (A and B): micropillar and
herringbone devices bonded against a glass slide (PDMS/glass) (A), and micropillars bonded against a herringbone replica (PDMS/PDMS combi-
nation) (B). Capture efficiency (%) of target cells in devices combining PDMS and glass and functionalised following protocol A and B at a flow rate of
20 pL min~! (C) and functionalised with best functionalisation protocol B when using different flow rates (20 uL min~ and 40 L min~?) and (D).
Efficiency of the different designs and combinations of microfluidic devices (E and F). All the designs of devices were tested with the functionalisa-
tion B and flow rate at 40 uL min~%, using combinations PDMS/glass (E) and PDMS (pillars)/PDMS (herringbone) (F). For all these experiments were
used KG-1 cells. The results in (C), and (D) are presented as mean + SD of 3 independent biological replicates. Student's t test was applied to
compare the funtionalisation A and B at 20 pL min~! (C) as well as the different flow rates 20 pL min~! and 40 pL min~%, using the same functionalisa-
tion B (D). *p < 0.05. The results in E and F are presented as mean + SD of 3 independent biological replicates. One-way ANOVA and Tukey's post

hoc test were used to compare the 4 different microfluidic devices, bonded into a glass slide, at 40 pL min

bonded into a herringbone. *p < 0.05.

geometries of the microfluidic devices were used to explore
different combinations of geometries to evaluate which one
provided the best isolation efficiency. For these experiments,
the functionalisation B and flow rate at 40 pL min~", pre-
viously defined as the best conditions, were considered.
Briefly, two different combinations were tested, either micro-
pillar PDMS replica or the herringbone replica irreversibly
bonded onto a glass slide (PDMS/glass) - Fig. 3A, or the combi-
nation of either micropillar replica bonded against the her-
ringbone (PDMS/PDMS) - Fig. 3B. First, all the different repli-
cas were bonded against a glass slide: pillars (gap every 3
lines, gap every 4 lines and no gap) and herringbone, and the
resulting devices were individually tested to assess the capture
efficiency resulting in 42.36%, 34.31%, 43.24%, and 4.68%,
respectively (Fig. 3E). The capture efficiency obtained with all
the micropillar devices was very similar, but significantly
different when compared with the herringbone. Despite the

2816 | Analyst, 2024,149, 2812-2825

1, as well as the different devices,

devices with micropillars presented similar results, the device
with no gap between lines showed the highest average value
(43.24%), well in agreement with the numerical results pre-
viously obtained from the simulation studies (Fig. 3E).

Then, the combination of micropillars and herringbone
(Fig. 3F), which combines vertical and lateral mixing can
increase the contact between the cells and the antibody-coated
surfaces promoting an increase in the capture efficiency.

Importantly, this combination of pillars and herringbone
was already described for the isolation of Hep3B liver tumor
cells, but with a different micropillar design and using a
different functionalisation strategy (3-mercaptopropyl tri-
methoxysilane and GMBS (N-y-maleimidobutyryl-oxysuccini-
mide ester)). The reported cell capture efficiency was outstand-
ing (~80%) compared with other reports.”® However, applying
this system to AML blasts can be challenging and give
different results. Commonly, successful microfluidic strategies

This journal is © The Royal Society of Chemistry 2024
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used for CTCs, and that worked well, are not applicable to
AML blasts. For these reasons, the different pillars designs
were bonded against the herringbone, and used to process the
cell suspension and to assess the capture efficiency. The
results presented in the Fig. 3F demonstrated that adding the
herringbone to the micropillars increased the capture
efficiency for all the pillar designs tested. However, no signifi-
cant differences were observed among the efficiencies
obtained using the three different combinations. It is impor-
tant to note that the anticipated enhanced effect resulting
from the combination of pillars and herringbone structures
was not observed. This can be explained by the fact that anti-
body-antigen recognition is a slow process. It is conceivable
that using lower flow rates than those used could reveal a
synergistic effect from the double mixing and leading to
higher capture efficiencies. However, such optimization could
be at the expense of yield — a critical parameter in a clinical
context. Besides that, the dimensions of the herringbone
could also be adapted to smaller target cells. Still, the combi-
nation of the herringbone with the micropillar device with
gaps every 4 lines presented the highest capture efficiency at
55.17%, followed by gap every 3 lines with 49.01% and no gap
44.87% (Fig. 3F).

According to the results obtained, the combination of gap
every 4 lines pillars with herringbone was selected as the best
strategy/model to use. Taking into account the concentrations
tested, and for the optimised conditions, this device should be
able to detect blasts in concentrations as little as 2 AML blasts
in 10° PBMCs.

2.3.3. Testing the specificity of the optimised system. After
the selection of the best functionalisation and combination of
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devices, some additional experiments were performed to
confirm that the selected flow rate was still the best for this
geometry combination. For this purpose, the chosen device
(herringbone combined with the micropillar with gaps every 4
lines with functionalisation B) was tested using different flow
rates, 20 pL min~!, 40 pL min~" and 60 pL min~'. Fig. 4A
shows that the capture efficiency was not enhanced at flow
rates lower or higher than 40 pL min~". As such, 40 uL min™"
was kept as the ideal flow rate for the chosen device towards
the capture of AML cells.

Next, some control experiments were performed to evaluate
the specificity of the devices. For this purpose, devices with no
antibody immobilised on the surface were tested with HL-60
cells, which present low expression of CD34 °* (Fig. 4B).

The results shown in Fig. 4B demonstrated a decrease in
the capture efficiency in the two negative controls, showing
similar values of 37.89% in the case of the HL-60 cells, and
32.50% when no antibody was immobilised on the surface.
The results obtained in the absence of the antibody showed
that the vertical and lateral mixing alone can have an impact
in the capture of the cells, although this capture would be
potentially weak, and the cells should detach upon the appli-
cation of stronger rinsing processes. Similarly, HL-60 cells
were retained within devices, mostly due to non-specific
binding, suggesting that they can be washed away if we tune
the rinsing step. However, flow cytometry (FC) analysis
(Fig. 4C) demonstrated that HL-60 cells present some residual
expression of CD34, more precisely 5.80%, while another AML
cell line, KG-1 cells show almost 100%.

Additionally, to observe the interference of the functionali-
sation in the immobilisation of the antibody and consequently

A B C
100 100 120
*kkk
100 . —e=e
80 55.17 80+ 5517
9 9 + 80
= 60 < 60 3
> >
g i g 37.89 S e0-
S 404 3435 S 40 3250 B
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(KG-1)  (NoAb)  (HL-60)
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Fig. 4 Flow rates and control experiments of the microfluidic devices. KG-1 cells were tested using the best combination (gap every 4 lines of
pillars bonded into a herringbone) and using different flow rates: 20 uL min™, 40 uL min~* and 60 uL min~* (A). The controls experiments with KG-1
and HL-60 cells and using gap every 4 lines combined with herringbone (using KG-1 cells), negative controls: using microfluidic devices without
antibody in the surface (using KG-1 cells) and testing a different cell line (HL-60 cells) without expression of CD34 and only antibody without pre-
vious functionalisation were also done (B). Flow cytometry analysis for the expression of CD34 in the two different AML cell lines (C). CD34 positivity
was significantly different and higher in the KG-1 cells. The results presented as mean + SD of 3 independent biological replicates. For the flow rates
and controls an one-way ANOVA and Tukey’s post hoc test were used to compare the different flow rates in the same type of device (gap every 4
lines), as well as for the different controls using the same device and flow rate. For the analysis of flow cytometry results a Student’s t test was
applied to compare the expression of CD34 in KG-1 and HL-60 cells. *p < 0.05.
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in the cell isolation, control experiment where the functionali-
sation was not performed and only the antibody was passed
through the device was analysed (data not shown). This experi-
mental control demonstrated the possibility of having some
cells isolated in the device (29.60%).

To better understand these results, a microcontact printing
experiment was performed in order to evaluate the capacity of
antibodies to bind to the surface just by physisorption
(Fig. S37).

The microcontact printing results showed that the antibody
attaches on the surface of the glass slides, namely to those
without previous functionalisation, demonstrating the possi-
bility of the antibody to bind to the surface of microfluidic
devices, even in a non-organised way, and recognise some cells
of interest. Furthermore, to target a wider variety of AML
blasts, an experiment was carried out immobilising a combi-
nation of antibodies. This experiment also served to test the
specificity of the devices. Briefly, two antibodies (CD33 and
CD34) and two different cells (KG-1 and Jurkat) with different
expressions of the markers were used. KG-1 cells are positive
for both and Jurkat negative for both. In Fig. S4,1 it was
observed that the highest capture efficiency is observed for
KG-1 when functionalising the devices with the cocktail of
antibodies, with 57.43%, since both biomarkers are expressed
in this cell line. Despite Jurkat cells are negative for both bio-
markers, the capture efficiency observed was higher than
expected, which is explained by a high non-specific binding of
the cells to the functionalised surface. As a conclusion, in the
optimised conditions, the devices demonstrated a reasonable
capacity to isolate the cells of interest. However, the real
capture efficiency might be even higher as the method used to
assess capture efficiency, accounted for cells captured in the
main isolation area only but, since the whole device was func-
tionalised from inlet to outlet, it is very likely that many more
cells are captured outside this area, and are not being
counted. In addition, it was possible to verify that, in the
optimal conditions, the number of cells captured decreases
from top to bottom of the isolation area, suggesting that cell
capture is specific, and that most cells have been captured by
the end of the isolation area. Finally, it is important to
mention that the objective of these devices is not to enumerate
the captured cells, but to enrich and concentrate the possible
blasts contained in the sample, with the final goal to increase
the sensitivity of downstream molecular analysis, particularly
important in the MRD context.

2.3.4. Identification of aberrant cells. Once the conditions
for AML blast isolation were optimised, isolated cells were
tested for aberrant markers by immunocytochemistry (ICC).
For this purpose, two different antibodies were immobilised
on the surface, CD33 and CD34, as these conditions resulted
in the best capture efficiency of the cells of interest (57.43%)
(Fig. S41) and were the ones defined for use in subsequent
testing.

With the objective to identify aberrant markers in the iso-
lated AML cells, expression of CD7 and CD56 was tested by FC
using fluorescently labeled antibodies (Fig. S5At). Expression

2818 | Analyst, 2024, 149, 2812-2825

View Article Online

Analyst

was also assessed by ICC in well plates (Fig. S5Bt), and com-
pared against in situ ICC in microfluidic devices (Fig. 5).

Two different AML cell lines were used: KG-1 (positive for
both markers) and HL-60 (negative for both). The FC results,
Fig. S5A,1 confirmed the expected expression values of the
different biomarkers on KG-1 cells (60.8% CD7+CD56—, 3.4%
CD7-CD56+, and 32.8% CD7+CD56+) and on HL-60 cells,
where both markers were close to 0%. Similarly, ICC tests in
well-plate demonstrated that KG-1 cells were positive for both
biomarkers, as expected, although CD56 was only expressed in
a small number of cells (Fig. S6B(i)t), while HL-60 cells were
negative for both (Fig. S6B(ii)f). The same results were
observed in the microfluidic devices (Fig. 5). These last results
demonstrated that immunophenotyping of AML cells was
possible in situ directly inside the microfluidic devices. This is
a tremendous improvement, since, up to date, the identifi-
cation of these biomarkers in isolated AML cells, it is usually
done by recovering the cells,>® which can lead to danification
or loss of cells.

2.4. Testing using clinical AML samples

2.4.1. Aberrant markers detection in AML patient samples.
To test the efficacy of the microfluidic devices for the concen-
tration of AML blasts and detection of aberrant markers, a
proof-of-concept study was performed using BM and PB
samples from two AML patients.

Samples were processed using the optimised conditions
and identification of aberrant markers (CD7 and CD56) was
performed by in situ ICC. Results were compared against the
gold standard technique, FC. As it can be seen in Fig. 6, the
results obtained by both techniques were similar and showed
a low number of cells expressing these aberrant markers,
below or about 1%.

2.4.2. Study and comparison of BM and PB samples for
mutation detection. Genetic analysis was conducted on the
clinical samples by Next-Generation Sequencing (NGS) to
evaluate and compare the mutation profile in cells from BM
and PB of individuals diagnosed with AML. Additionally, after
characterisation of the cells retained inside the microfluidic
device, gDNA from these samples was successfully extracted
for further analysis (data not shown).

The selected NGS panel (described in Methods) was chosen
not only to find the known mutations but also to identify new
ones that could potentially contribute to disease progression
and serve as valuable disease biomarkers. NGS analysis con-
sidered only the variants that presented an allele frequency
(VAF) higher than 5%, and revealed 17 variants in the two
patients studied (Table S2t). Classification using the American
College of Medical Genetics and Genomics (ACMG) score
revealed four pathogenic and likely pathogenic variants (TIER
I), which are predictive, prognostic or diagnostic variants.

Analysis of patient 1 showed variants in FLT3, IDH2, NPM1
and SRSF2 genes, all associated with AML. Alterations in KIT
were also observed but without known clinical relevance.
Concerning patient 2, pathogenic variants were detected in
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Fig. 5 Representative fluorescence microscopic images obtained from immunocytochemistry (ICC) assays of AML cells within the microfluidic
devices. Phenotypic characterisation using CD7 and CD56 markers in AML cells, (A) KG-1 and (B) HL-60 cells trapped inside the microfluidic device
combining pillars and herringbone. (C) Zoom in of (i) KG-1 and (ii) HL-60 cells. All cells were stained for NucBlue™ (1: 10), and CD7-FITC and CD56-
R667 (1:50), in blue, green and red, respectively. The bar represents 100 pm.

TP53, and other genes not yet associated with AML, which can
become new targets for study.

Importantly, according to the data obtained, PB appears to
be just as effective as BM samples for the detection of muta-
tional variants in AML patients, as already described in the
literature.>®

3. Experimental

3.1. Microfluidic device design and fabrication

Two types of microfluidic devices were designed to isolate
blasts from acute myeloid leukemia patients, consisting of pat-
terns based on micropillars or herringbones. For the first type
(pillars design), thousands of micropillars with diameter
100 pm and spaced 50 pm were geometrically distributed
across the isolation area. The gap size, geometry, and aspect
ratio were carefully chosen to allow cells to flow through and

This journal is © The Royal Society of Chemistry 2024

mix horizontally to enhance their contact with the surface of
the device. These devices present a set of pre-filters with
120 pm gaps to prevent large clumps or debris from clogging
the setup. On the herringbone devices, a chevron pattern was
designed using line widths and spacings of 50 pm.

The microfluidic masters were designed in 2D AutoCAD
software (Autodesk) and fabricated on a 200 mm silicon wafer.
Fabrication of silicon master mold was performed using a SiO,
hard mask for the silicon dry etching process. For this
purpose, a 1 pm thick plasma enhanced chemical vapor depo-
sition (PECVD) SiO, layer is firstly deposited on a single-side
polished (1 0 0) 200 mm Si wafer using a CVD system (MPX
from SPTS). The wafer (P/Boron, (100), Siegert Wafer,
Germany) was exposed to hexamethyldisilazane (HDMS, Sigma
Aldrich) vapour prime to improve the adhesion of the photo-
resist to the sample obtained by spin coating of 1.2 pm of
AZP4110 (Microchemicals GmbH, Germany) on a SUSS
MicroTec optical track (SUSS MicroTec AG, Germany). Direct
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Fig. 6 Enumeration of AML blasts with expression of aberrant markers. PBMCs isolated from BM and PB samples from AML patients were stained
with CD7 and CD56 antibodies. (A) Determination of the percentage of CD7+ and CD56+ blasts, or both, by FC. (B) Representative enumeration of
leukemic blasts positive for aberrant markers (CD7 or CD56, or both) by ICC on the microfluidic device, in some specific areas, not in all isolation

area.

write laser (DWL 2000 Heidelberg Instruments) was used to
pattern the photoresist for the top geometry microfluidic chan-
nels. Following the post bake, the exposed photoresist was
developed with AZ400K (Microchemicals GmbH), and the
wafer was rinsed with deionized water and dried. Etching of
SiO, was completed on a reactive ion etching (RIE) tool (APS
from SPTS) with a C4F8 etching chemistry followed by removal
of the photoresist, striped with an oxygen plasma (PVA
GIGAbatch 360 M from Tepla). The silicon wafer was then
etched by a dry etching process performed on an inductively
coupled plasma (ICP) - RIE tool (Pegasus from SPTS), using a
SF6/C4F8 plasma, to transfer the SiO, mask features to the
bulk silicon. The top remaining SiO, mask was removed on
APS from SPTS. Trench depth was measured using an optical
profilometer (KLA - Tencor P-16 Surface Profiler) until the
desired depth of 50 um was reached and finally, the master
was characterised using Scanning Electron Microscopy
(Quanta SEM, FEI, USA). Before master replication, the wafer
was hydrophobized performing an overnight vapor-phase treat-
ment with trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Sigma
Aldrich), in a desiccator at room temperature.

3.2. Simulations

COMSOL Multiphysics® (COMSOL AB, Sweden) version 5.6
was used to perform the numerical simulations in a 32 GB
RAM computer. Along with the core software, the
Microfluidics and Particle Tracing modules were used.
Reduced versions of the various three-dimensional models
were used. Each model was cropped in such a way that a
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repeating unit cell could be considered. First all the micropil-
lar designs were simulated alone, and later in combination
with the herringbone. A one-way coupling approach was fol-
lowed, meaning that the fluid flow calculations were per-
formed first, and the particles were released afterwards
without influencing the flow. To make this happen, a station-
ary study was performed to determine the fluid dynamics
inside the microfluidic channels as the flow is only pressure-
driven. A laminar flow is assumed as the Reynolds number is
much lower than 100 due to the channels’ small dimensions
Thus, incompressible Navier-Stokes’s
equations (eqn (1) and (2)) were solved.>”

and velocities.”

—

ou . . -
pg+pu-Vu:pr+;7V2u (1)

V-i=0 (2)

where p denotes the fluid’s density, # the fluid velocity, p is the
pressure and 7 is the fluid’s dynamic viscosity.

The working fluid considered was water. The fluid entering
the computational model was a fully developed flow at a flow
rate of 0.125, 1.25 and 2.5 pL min "', considering that this
model represents 1/16 of the experimental platform (in paral-
lel) where 2, 20 and 40 pL min~" would be applied. The outlet
had a prescribed absolute pressure of 1 atm. The lateral
boundaries were set with a periodic boundary condition in
case of the simple designs, while symmetry was used on the
designs using the herringbone structure, as this structure
would not match perfectly laterally. The remaining boundaries

This journal is © The Royal Society of Chemistry 2024
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(top, bottom, and pillar walls) were prescribed with a no slip
wall condition.

After this first study, a second one was performed to deter-
mine the position of the cells and their velocity. Their mass
was considered to be 4 ng and their diameter 12.5 pm.>® The
particles were dragged by the surrounding fluid, applying to
them a Stokes force and their initial velocity was given by the
fluid velocity. 300 particles were released at the same time.
They were initially distributed proportionally to the magnitude
of the fluid velocity across the inlet boundary. As soon as the
particles crossed the outlet boundary, they disappeared from
the model. Similarly, to the fluid flow study, a periodic con-
dition was prescribed to the lateral walls of the simple designs
while the symmetry condition was used on the herringbone
designs.

To make the meshing process easier, the final geometry
was finalised by forming an assembly, which could possibly
lead to some fluid loss due to a mesh mismatch. However,
these losses were never observed to be higher than 1% when
comparing the inflow with the outflow.

The stationary study results were fed into the time depen-
dent study, which was carried out from 0 s to 10 min in time
steps of 0.5 s. The simulation studies took under 2 h each to
compute.

3.3. PDMS replicas fabrication and bonding of the devices

For the fabrication of PDMS replicas, a mixture of PDMS pre-
polymer and cross-linker (ratio 10:1, w/w, SYLGARD™ 184
Silicone Elastomer, Dow Chemical) was poured on top of the
master, degassed, and then cured for 2 h at 65 °C. The cured
replica was cut and peeled from the master, and holes for
tubing were made with a biopsy punch (diameter 1.25 mm,
Kai Medical). Lastly, for the preparation of the microfluidic
devices, clean glass slides (25 x 75 mm, Thermo Fisher
Scientific) and PDMS replicas were treated with oxygen plasma
(PDC-002-CE, Harrick Plasma) for 30 s. Afterwards, the
exposed surfaces were brought together for irreversible
bonding and fluorinated ethylene propylene tubing (FEP
tubing, IDEX) was inserted in inlets and outlets to proceed
with functionalisations and immobilisation of the antibody in
all the surface of the devices.

3.4. Functionalisation of devices

Upon bonding, the microfluidic devices were connected to a
syringe pump and filled with ethanol at 100 pL min™" to
enhance wettability. Then, two different protocols were used,
protocol A and B.

First, for functionalisation A, after stabilisation in ethanol,
2% (3-aminopropyl)triethoxysilane (APTES, Sigma Aldrich) in
ethanol was flown into the device for 30 minutes and rinsed
with ethanol. Then the buffer was changed to MilliQ water and
stabilised for 10 minutes before injecting 1% glutaraldehyde
(GA, Sigma Aldrich) in water for 30 min and rinsed with water.
After that, filtered 10 mM phosphate buffered saline (PBS,
Sigma Aldrich), was flowed through the device and equili-
brated for 10 minutes before introducing 22 pg of CD34

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

(Biolegend) in 150 pL of PBS that was left to react overnight at
4 °C. The unreacted antibody was then rinsed with PBS and
the surface blocked with 2% Bovine Serum Albumin (BSA,
Sigma Aldrich) in PBS.

For functionalisation B, after wetting the devices with
ethanol, they were rinsed with MilliQ water. Then, a solution
of 1% carboxyethylsilanetriol (CTS, Gelest) and 10% acetic acid
in water was passed through the devices for 6 minutes and
incubated for 10 minutes and then washed with PBS. After
that, a solution of 2% 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC, Sigma Aldrich) and 3%
N-hydroxysuccinimide (NHS, Sigma Aldrich) in PBS was flown
into the device for 6 minutes. This EDC/NHS solution was
used to activate the carboxylic groups, and an incubation time
of 10 min was used, followed by a washing step using PBS.
Finally, for the immobilisation of the antibody, the same
amount of antibody used in functionalisation A was added to
the devices and incubated overnight at 4 °C. On the day after,
the activation step (2% EDC/3% NHS solution) was repeated
and the surface was blocked with methoxypolyethylene glycol
amine (PEG, Merck), before rinsing the device with PBS. The
surface functionalisation was characterised by X-ray photo-
electron spectroscopy (XPS).

3.5. Cell culture

Acute myeloid leukemia cell lines, KG-1 and HL-60, were
obtained from the German Collection of Microorganisms and
Cell cultures (DSMZ - Deutsche Sammlung
Mikroorganismen und Zellkulturen—German). Cells were
maintained in culture in RPMI 1640 medium (Merck), sup-
plemented with 10% heat-inactivated FBS and 1% antibiotic—-
antimycotic solution (Invitrogen) in a humidified, 37 °C, 5%
CO, atmosphere. When reaching confluence, cells were
counted using a hemacytometer, centrifuged and labelled with
1:50 NucBlue™ (Invitrogen) for 30 minutes in the incubator.
Stained cells were later used in the spiking experiments.

von

3.6. Spiking experiments

PB samples (15 mL) from healthy donors were collected in
EDTA-coated tubes, and PBMCs were isolated directly using
Ficoll-Histopaque-10771 (Histopaque®, Sigma Aldrich) gradi-
ent centrifugation, according to the manufacturer’s instruc-
tions. Briefly, anticoagulated blood was diluted with an equal
volume of PBS (Gibco), pH 7.4, containing 2% fetal bovine
serum (FBS, Gibco). Then, diluted blood was layered over the
Histopaque and samples were centrifuged at 400g for 30 min
at room temperature in a swing-out rotor with no brakes. The
PBMC interface was carefully removed by pipetting, and
washed twice with PBS-2% FBS by centrifugation at 300g for
10 min. The PBMC pellet was re-suspended in PBS and the
cells counted using a hemocytometer.

Then, 200 AML cultured cells stained with NucBlue™ were
used as target and spiked in 0.5 mL of PBS containing 3 x 10°
of PBMCs previously isolated from healthy donors, to mimic
an AML patient sample. Simultaneous to spiking the cells in
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PBS, the same amount of cells (200 cells) was added to a well
plate that was used as a control.

Spiked samples were injected at different flow rates in the
various functionalised microfluidic devices using a syringe
pump (New Era Pump Systems, Inc.). Trapped cells were
rinsed with 2% Bovine Serum Albumin (BSA, Sigma Aldrich) in
PBS, fixed with 4% paraformaldehyde (PFA, Sigma Aldrich) for
20 min at room temperature (RT), and finally washed with
PBS. Following sample processing, a fluorescence microscope
(Ti-E, Nikon) was used to image the cells captured in the iso-
lation area, using a 20x objective.

The full setup is depicted in the Scheme 1.

To assess the isolation efficiency, the number of stained
cells captured in the device was divided by the number of
spiked cells initially inserted in the device, for that was used
the number of cells inside the well plate, as in the eqn (3).
Experiments were done in triplicate.

Trapped cells

Isolation efficiency (%) = Spiked cells

X 100 (3)

3.7. Cells preparation for immunocytochemistry (ICC)

KG-1 and HL-60 cells were used to test the ICC using the
chosen aberrant markers, CD7 and CD56. For that, 100 000
cells were resuspended in 0.5 mL of PBS and seeded onto a
well plate.

First the cells were fluorescently labeled with 1:50 CD7
(Vio® Bright FITC, Miltenyi) and 1:50 CD56 (Vio® Bright
R667, Miltenyi) for 1 h, and then washed with PBS. After that,
the cells were fixed with 4% PFA (Sigma Aldrich), for 20 min,
washed with PBS, and permeabilised with 0.25% Triton X-100
solution (Sigma Aldrich) for 10 min, and washed with PBS.
Subsequently, cells were incubated with 1:10 NucBlue™
(Invitrogen) during 1 h, to stain the cell nucleus. After the
incubation period, cells were washed with PBS. All the incu-
bations were done at RT.

Staining experiments were replicated inside the microflui-
dic devices. For those, the same number of cells were injected
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Scheme 1 Schematic representation of the sample processing in the
microfluidic devices.
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at 40 pL min~' in the functionalised microfluidic devices
using a syringe pump (New Era Pump Systems, Inc.). Trapped
cells were rinsed with 2% BSA (Sigma Aldrich) in PBS, prior to
following the ICC protocol.

3.8. AML patient samples

Clinical samples for this study were provided by the Instituto
Portugués de Oncologia do Porto (IPO) - Porto, after patients
provided written informed consent. This study was approved,
in accordance with the Declaration of Helsinki, by the ethics
committees of ICVS (SECVS 010/2015, 104/2017-1) and
IPO-Porto (CES.142A/014).

3.9. Clinical sample processing

PB and BM samples (3 mL) were collected at diagnosis in
EDTA-coated tubes from two patients with AML. PBMCs were
isolated directly using Ficoll-Histopaque-1077 (Histopaque®,
Sigma Aldrich) gradient centrifugation, according to the man-
ufacturer’s instructions. The PBMC pellet was re-suspended in
1 mL of human serum, and kept at —80 °C until use. Thawed
samples were distributed for the different tests: 400 pL for
direct DNA extraction, 200 uL for FC and 400 pL were run
through the device at 40 pL min™" (Scheme 2). For FC, cells
were stained with conjugated CD7 and CD56 antibodies and
run directly. Samples for NGS, proceeded directly for genomic
DNA (gDNA) extraction using the NZY Blood gDNA Isolation
kit (NZYTech, Lisbon, Portugal) based on the manufacturer’s
instructions. The gDNA extracted was stored at 4 °C or —20 °C.
The final concentration of gDNA extracted from each sample
was measured using Qubit. Finally, for microfluidic testing,
samples were run through the devices, stained with CD7 and
CD56 and then phenotypical analysis was done using fluo-
rescence microscopy.

3.10. Next-generation sequencing

After gDNA extraction, the obtained gDNA was used to perform
NGS using a myeloid gene panel. NGS analysis was performed
as an outsourced service at GENOMED - DIAGNOSTICOS DE
MEDICINA MOLECULAR, S.A. and using a panel denominated
‘Painel de 30 genes mieldides por NGS’. More precisely, the
myeloid gene panel targeted 30 genes: ABL1, ASXL1, BRAF,
CALR, CBL, CEBPA, CSF3R, DNMT3A, ETV6, EZH2, FLT3,
HRAS, IDH1, IDH2, JAK2, KIT, KRAS, MPL, NPM1, NRAS,
PTPN11, RUNX1, SETBP1, SF3B1, SRSF2, TET2, TP53, U2AF1,
WT1, ZRSR2. Amplicon sequencing libraries were prepared
from 100 ng of DNA per sample.

o [-co7
-1C
[ ] Microfluidic Devices (400 L) - CDs6
PBMCs isolation - gDNA extraction
Flow Cytometry (200 pL)

(re-suspendedin 1mL

2
W\' = ( I 4
Patient Samples
(2BMand 2 PB)

of human serum)

NGS (400 L)

Scheme 2 Schematic representation of the distribution of the clinical
samples for the different tests.
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3.11. X-ray photoelectron spectroscopy (XPS)

Silicon wafers were prepared following all the steps described
in the different functionalisation protocols. Before the functiona-
lisation, silicon wafer pieces were cleaned with ethanol absolute
and dried with a nitrogen gun. Afterwards, the silicon wafer
pieces were cleaned with a plasma cleaner for 30 seconds to
remove any organic contaminants, and to activate the surface.
Prior to the functionalisation, the pieces were rinsed with
ethanol. Each functionalisation step was reproduced by immer-
sing the silicon piece on a vial containing the corresponding solu-
tion for incubation, and rinsing between steps, according to the
functionalisation protocol. The antibody was immobilised over-
night at 4 °C and then washed. Before XPS analysis (ESCALAB
250Xi, Thermo Scientific), samples were kept in a sealed con-
tainer to avoid contamination.

3.12. Microcontact printing (nCP)

Glass slides were prepared using the all steps described in the
functionalisation protocol B, but replacing the anti-CD34 anti-
body by an anti-pan cytokeratin FITC antibody (Sigma Aldrich;
F3418). A PDMS stamp containing a micropillar pattern was
treated with the plasma cleaner and incubated with 22 pg ml™
pan-FITC-conjugated cytokeratin for 20 min at room temperature.
The excess solution was removed from the stamp using a
washing step in PBS, and the stamp was air-dried for 1 min. The
stamp was then placed, patterned side down, onto the glass slide
previously functionalised, and appropriate pressure was applied
on top of the stamp. This ensured contact between stamp and
glass slide to allow the transference of the antibody. Two different
times for the contact glass-PDMS stamp were used, 1 and
2 minutes. Bare glass slides were tested as negative controls
where no functionalisation was applied, and just clean glass
slides were brought in contact with the antibody using the stamp.
Finally, the immobilisation of the antibodies onto the glass slides
was evaluated using the fluorescence microscope.

3.13. Flow cytometry analysis

KG-1 and HL-60 cells at a concentration of 0.25 x 10° cells per
mL were used per each condition. Briefly, cells were centri-
fuged and incubated with 1:50 of CD33, CD34 and CD117
antibodies (Biolegend) for 90 minutes at room temperature.
Then, cells were again centrifuged followed by the incubation
with 1:1000 secondary antibody (Goat Anti-Mouse IgG,
Abcam) for 1 h at room temperature in the dark. For the aber-
rant markers (CD7 and CD56), KG-1 and HL-60 cells were used
at a concentration of 0.5 x 10° cells per mL. Cells were incu-
bated with 1:50 of conjugated 1:50 anti-CD7 and 1:50 anti-
CD56 antibodies for 1 h 30 minutes at room temperature in
the dark. After the incubations, a washing step with PBS was
performed and after another centrifugation 200 pL microlitres
of FACS buffer was added to each sample. Samples were run in
a FACS LSRII flow cytometer (BD Biosciences®). FACS Diva was
used as the acquisition software. Analysis of the results was
performed using the FlowJo 7.6 (Tree Star®) software. At least,
3 independent biological replicates were performed.
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3.14. Statistical analysis

All data are reported as the mean + standard error of the mean
(SEM). Statistical analysis was performed using the Student’s ¢
test to compare the functionalisation A and B using the same
device, and also applied to compare the functionalisations,
but using the same flow rate and device. The one-way ANOVA
and Tukey’s post hoc tests were used to compare the perform-
ance of the different microfluidic devices, the influence of the
different flow rates, and the difference with control experi-
ments, when all the other parameters were kept constant. A
p-value lower than 0.05 was assumed to denote a significant
difference.

4. Conclusions

In conclusion, this work demonstrated the ability of our opti-
mised microfluidic device for the efficient enrichment of AML
blasts from clinical samples. For this, a microfluidic device
composed by a combination of micropillars and a herring-
bone, with an anti-CD34 antibody immobilised onto the
surface was selected to recognise and capture immature blasts,
characteristic of AML. The functionalisation using CTS and
the processing of the sample at 40 pL min~" yielded the best
results, achieving approximately 55% capture efficiency.
Despite other methods, combining different geometries, func-
tionalisation strategies and antibodies, have reported higher
capture efficiencies,’®*>*”*® most of them did not demon-
strate combined phenotypic and molecular analysis of the iso-
lated cells.”>*”*® Qur device allows phenotypic analysis of
AML blasts in situ and high sensitive downstream molecular
analysis. This approach enables the fast identification of blasts
for assessment of MRD, as well as mutation analysis towards
subtyping and therapy selection, in both PB and BM samples.

In the future these devices could be used in the clinical
setting to concentrate very residual amounts of blasts con-
tained in the samples to increase the sensitivity of downstream
analysis.

The application of this technology to AML patients is
crucial as it can allow earlier diagnosis of the disease, which is
an important and decisive step to achieve complete remission,
since promotes the application of therapy (and more targeted)
at an earlier stage of the disease. Additionally, microfluidics
can be used as a complementary technique for patient moni-
toring, analysing the presence of AML blasts in BM or even in
PB, during treatment, to evaluate therapeutic response, assess
the presence of MRD and, in the long term, to evaluate disease
relapse in a non-invasive way.
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