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detaching adhered cells in microchannels†

Alinaghi Salari, ab Sila Appak-Baskoy, ac Imogen R. Coe,acd Scott S. H. Tsai *ae

and Michael C. Kolios *af

Adherent cultured cells are widely used biological tools for a variety of biochemical and biotechnology

applications, including drug screening and gene expression analysis. One critical step in culturing

adherent cells is the dissociation of cell monolayers into single-cell suspensions. Different enzymatic and

non-enzymatic methods have been proposed for this purpose. Trypsinization, the most common

enzymatic method for dislodging adhered cells, can be detrimental to cells, as it can damage cell

membranes and ultimately cause cell death. Additionally, all available techniques require a prolonged

treatment duration, typically on the order of minutes (5–10 min). Dissociation of cells becomes even

more challenging in microfluidic devices, where, due to the nature of low Reynolds number flow and

reduced mixing efficiency, multiple washing steps and prolonged trypsinization may be necessary to

treat all cells. Here, we report a novel acoustofluidic method for the detachment of cells adhered onto

a microchannel surface without exposing the cells to any enzymatic or non-enzymatic chemicals. This

method enables a rapid (i.e., on the order of seconds), cost-effective, and easy-to-operate cell

detachment strategy, yielding a detachment efficiency of �99% and cellular viability similar to that of the

conventional trypsinization method. Also, as opposed to biochemical-based techniques (e.g., enzymatic),

in our approach, cells are exposed to the dissociating agent (i.e., substrate-mediated acoustic excitation

and microstreaming flow) only for as long as they remain attached to the substrate. After dissociation,

the effect of acoustic excitation is reduced to microstreaming flow, therefore, minimizing unwanted

effects of the dissociating agent on the cell phenotype. Additionally, our results suggest that cell

excitation at acoustic powers lower than that required for complete cell detachment can potentially be

employed for probing the adhesion strength of cell–substrate attachment. This novel approach can,

therefore, be used for a wide range of lab-on-a-chip applications.
Introduction

Cell culture protocols of adherent cells are widely used in many
in vitro cell biology studies. Adherent cells are commonly
cultured on coated or non-coated polystyrene, polypropylene, or
glass substrates. At conuency, or for regular maintenance, the
cells typically need to be detached from the substrate. The
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detachment is traditionally carried out using different enzymes
that can cleave the surface proteins involved in forming the
focal adhesions, which keep cells attached to the substrate. For
this purpose, trypsin, a digestive enzyme discovered in 1876, is
commonly used.1 Trypsin is oen supplied with the addition of
ethylenediaminetetraacetic acid (EDTA), which acts as a metal
chelator that removes calcium ions from the cells.2 Although
trypsin is widely used in cell culture applications, it has long
been known that it can be detrimental to cells due to the
cleavage of physiologically important cell surface or extracel-
lular facing glycoproteins, ultimately leading to multiple
downstream effects that can result in cell breakdown and
death.3–7 Some cell types are particularly susceptible to trypsin-
related damage, such as mesenchymal stem cells, where it is
important to minimize the application of animal- and human-
derived products, including trypsin, to avoid pathogenic trans-
mission.4,8 There is, therefore, much interest in nding alter-
native enzyme-free methods for dissociating cell monolayers.
Current alternatives include buffer treatments and mechanical
detachment.9 Enzyme-free cell dissociation buffer treatments
© 2021 The Author(s). Published by the Royal Society of Chemistry
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can preserve the surface proteins, but they are most effective on
lightly adhered cells.10 Mechanical detachment techniques,
such as cell scraping,9 and more recently, ultrasound traveling
waves, are also enzyme-free.11 However, all these techniques
require a treatment duration on the order of minutes (typically
5–10 min).2,11

In addition, there is growing interest in microuidic appli-
cations of drug screening12 and organ-on-a-chip13,14 platforms
which involve culturing cells inside microchannels. However,
trypsinization and other biochemical reactions inside micro-
channels require multiple washing steps and a complete
reagent replacement for the reaction to occur uniformly and
thoroughly at the same rate for all cells. With no active mixing
strategy, analyte mixing in a low Reynolds number ow regime
or in a static uid in microchannels can be challenging, and
trypsinization can be less effective than in macro-scale cell
culture asks and dishes.

Recently, we reported that exposure of cells to acoustic waves
at low and moderate excitation powers (i.e., smaller than �20
W) could generate cell-induced microstreaming15 and facilitate
the delivery of extracellular materials to the cell.16 The actuation
power used in these two works was high enough to generate
acoustic microstreaming only, and therefore, most cells
retained their attachment to the substrate of the microuidic
channel even during relatively long (e.g., �20 min) exposures.
However, here, we report that exposure of adhered cells to short
(200–500 ms) pulse waves at high excitation powers (�200 W)
can result in cells detaching from the substrate within seconds.
As opposed to focused surface acoustic waves which have been
Fig. 1 Controlled acoustic actuation can detach the adhered cells. (a) S
transducer attached to a thin glass substrate near a microfluidic channel
excitation power and the cell adhesion strength, complete cell detachme
and fluorescence images of MDA-MB-231 cells before and after exposu
power. The cell detachment occurs immediately after acoustic excitat
represents 50 mm and applies to all images. The schematic in (a) is creat

© 2021 The Author(s). Published by the Royal Society of Chemistry
shown to locally detach a small number of cells pre-treated with
phosphate buffer saline (PBS) from a culture surface,17 in our
acoustouidic technique larger populations of cells can be
detached from a microuidic channel. We use MDA-MB-231
cells as examples of poorly spread cells (i.e., cells with a rela-
tively low spreading area) and human dermal microvascular
endothelial cells (HDMECs) as examples of highly spread cells
(i.e., cells with a relatively high spreading area).18 At the
attachment site, cells form focal adhesion complexes through
the linkage between the integrins and the extracellular matrix
(i.e., bronectin in our system).19 As a cell spreads over
a surface, the cell-surface adhesion strength increases before it
plateaus.20,21 Highly-spread cells (e.g., endothelial cells) gener-
ally have a greater adhesion strength compared to highly
protrusive cells (e.g., lymphocytes and some cancer cells).18,22,23

The adhesion strength also depends on the surface character-
istics of the substrate that the cells are attached to. For example,
the spreading area of cells on stiffer substrates is shown to be
higher than that on soer ones.24,25 The detached MDA-MB-231
cells show viability of 86–91% and can re-adhere to the
substrate surface within hours following the acoustic exposure.
We also demonstrate a controlled and gradual detachment of
HDMECs from the substrate with high viability (>80%) by
exposing the cells to multiple pulse waves. The acoustic tech-
nique presented here can be used as a rapid, easy-to-operate,
and cost-effective method for detaching or probing the adhe-
sion strength of different adherent cell types in various lab-on-a-
chip applications.
chematic (not to scale) of the acoustic technique consisting of a PZT
(not shown), where the cells are adhered. Depending on the acoustic
nt may require one or numerous acoustic pulse waves. (b) Bright-field
re to a �200 ms pulse wave when the PZT is driven at �200 W input
ion. Cell nuclei are stained with Hoechst 33342. The scale bar in (b)
ed with Biorender.com.
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Fig. 2 The acoustically-treated MDA-MB-231 cells show equivalent
viability to the trypsinized cells. (a) Bright-field and fluorescence
images showing the morphology of the MDA-MB-231 cells before
exposure, and 16 h and 48 h post-exposure. The acoustically-treated
cells can adhere and spread to the glass surface within 16 h post-
exposure. (b) Viability results of the acoustically-treated cells against
the trypsinized ones. Conventional PI staining is used to determine the
number of dead cells to compare cellular viability. The viability is also
estimated using a re-adhesion assay at 16 h post-exposure to deter-
mine the ratio of the re-adhered cells to the initial number of cells.
These results show the acoustically-treated cells can re-adhere and
regain their cellular morphology within 16 h post-exposure while
maintaining high viability. A detachment efficiency of�99% is obtained
from the acoustically-treated cells. The plasma membrane and
nucleus of the cells are stained with wheat germ agglutinin (WGA) and
Hoechst 33342, respectively. The scale bar in (a) represents 50 mm and
applies to all images. The error bars represent the standard deviation of
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Results and discussion

Our methodology for detaching adhered cells from a substrate
requires the cells to be exposed to short pulses of acoustic
waves. Thin substrates were used to maximize the contribution
of Lamb waves to the propagation of sound waves through the
substrate.15,26 As a proof-of-concept demonstration and for the
ease of culturing, we use a small population of cells (i.e., a few
thousand cells in a region of interest (ROI)) inside a poly-
dimethylsiloxane (PDMS) microuidic channel bonded to a�70
mm glass substrate. Once the cells are seeded into a bronectin-
coated microuidic channel and cultured for at least two days,
we expose them to short (in the range of 200–500 ms) pulses of
acoustic waves using a piezoelectric (PZT) transducer bonded to
the glass surface near the microuidic channel (see Fig. S1†).
The regions of maximum acoustic pressures on the substrate
can vary depending on the device geometry, substrate material,
and actuation frequency.15,16 We hypothesize that the substrate
vibration and the resultant acoustic forces, as well as the
microstreaming ow, are responsible for the detachment of the
cells. We conrm the vibrations (i.e., exural waves) of the
substrate within the ROI, located inside the microuidic
channel near the PZT, using optical coherence tomography
(OCT) (see Fig. S2†).

To demonstrate the versatility of our technique, we use an
epithelial breast cancer cell line (i.e., MDA-MB-231) as an
example of poorly spread cells, i.e., cells with a relatively low
spreading area. We then used and an endothelial cell line (i.e.,
human dermal microvascular endothelial cell (HDMEC)) as an
example of highly spread cells, i.e., cells with a relatively high
spreading area.18

In our device, when the PZT is actuated at relatively low
power (lower than �20 W), cells can undergo a stable oscilla-
tion, which can give rise to microstreaming ow.15 However, at
higher actuation powers, especially above �50 W, cells gradu-
ally lose their adhesion to the substrate over time (Fig. 1a). We
nd that a pulse wave of �200 W actuation power and �200 ms
duration is enough to detach MDA-MB-231 cells (Fig. 1b) in less
than one second (see Video S1†) with a detachment efficiency of
�99% (see Note S1†). The acoustically-treated cells that can
move freely from their initial (pre-exposure) location are
considered as fully detached cells. The detached cells can then
be washed and collected for further processing. We also eval-
uate the re-adhesion capabilities of the acoustically-treated cells
to the same glass surface by culturing the detached cells for 48 h
inside the samemicrouidic channel (Fig. 2a). Our results show
that the acoustically-treated cells can re-adhere, spread, and
regain their morphology within 16 h post-exposure. In addition,
the acoustically-treated cells show viability of 86% using the
conventional propidium iodide (PI) staining and 91% using
a re-adhesion assay (see Note S2†). The lower viability found
from PI staining could be due to the formation of transient
pores on the plasma membrane of some of the exposed cells
upon the detachment from the substrate.27,28 This can cause PI
molecules to be taken up by some cells, which, therefore, can be
incorrectly assessed as dead cells.
32826 | RSC Adv., 2021, 11, 32824–32829
The temperature in the ROI inside the microuidic channel
near the PZT and on the PZT surface both are measured using
an infrared camera (see Fig. S4†). These measurements show
that once a pulse is applied to the PZT, the maximum temper-
ature in the ROI does not surpass �33 �C. This increase in
temperature lasts only a few seconds. Even though the role of
temperature on cell detachment in our system cannot be ruled
out completely, we hypothesize that this role is minimal, if not
negligible, due to the relatively small temperature rise and short
duration of the exposure.

To conrm that these ndings were applicable for cells with
a high spreading area, we repeat the experiments with
at least two independent experiments.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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HDMECs, which are primary endothelial cells. We nd that
multiple pulse waves, with actuation amplitude similar to those
used for the exposure of the MDA-MB-231 cells, are required to
detach HDMECs from the substrate fully. As highlighted by
dashed lines on the uorescence images in Fig. 3, upon the
actuation of each pulse wave, the cells lose a portion of their
projected area. As a result, the average changes in the projected
area of the cells gradually decrease as ve pulse waves actuate
the cells during a �1 min exposure.

The capillary endothelial cells have been shown to be greater
in size compared to the MDA-MB-231 cells.29,30 Also, bronectin
used in our system for enhancing the cell binding onto the
channel surface can contribute to HDMECs adhesion being
stronger, due to their larger spreading area, than that of MDA-
MB-231 cells (see Fig. 2a and 3a for a rough comparison
between their spreading areas). These factors could be the
reasons why multiple pulse waves are needed for gradually
detaching HDMECs, as opposed to MDA-MB-231 cells which
can be fully detached aer applying only one pulse wave of the
same power. This important nding suggests a potential
application of our acoustic methodology for probing cell–
substrate adhesive forces in a controlled and high-throughput
manner compared to conventional techniques such as atomic
force microscopy.31
Fig. 3 The acoustic treatment with five consecutive pulse waves (i.e.,
gradually detaching HDMECs. (a) The red areas named A1 to A5 are the pro
actuating pulses p1 to p5, respectively. For all pulse waves, the PZT is actu
experiment is �1 min. The plasma membrane and the nucleus are stained
area of the cells. To illustrate the effect of consecutive pulses, the shrinkin
shows the average reduction in the projected area of �30 cells. Upon th
areas. (c) Viability results of acoustically-treated cells and cells treated wit
compare the cellular viability of the three methods. The scale bar in (a)
represent the standard deviation of at least two independent experimen

© 2021 The Author(s). Published by the Royal Society of Chemistry
In addition to the drawbacks of trypsinization mentioned
above, the optimal concentration and incubation time needed
for an effective treatment, as well as the cellular response, can
vary for different cell lines. Primary cells (e.g., stem cells) are
more resistant to the activity of trypsin, mostly due to the
expression of extracellular matrix proteins that are not digested
by trypsin. However, due to the nature of sound wave excitation
and propagation in our system, upon cell detachment, the
substrate-mediated acoustic energy experienced by the cells
drops signicantly, even if the acoustic excitation continues.
Therefore, to account for the variability in adhesion strength in
cells, the acoustic excitation can continue until all cells are
detached, as a longer acoustic excitation cannot damage the
already detached cells. This is a unique characteristic of our
system compared to the chemical-based (e.g., enzymatic) cell
treatment methods where the entire cell population is incu-
bated with the dissociating agent for a particular time.

In summary, we have demonstrated a novel enzyme-free
methodology for dissociating adhered cells using acousto-
uidics. Our technique can signicantly reduce the time needed
for cell treatment while maintaining high cellular viability.
Depending on the adhesion strength of the cells, one or
multiple pulse waves of different powers and durations can be
introduced in order to detach different cell types. Compared to
the biochemical4,5,32,33 and the more recent ultrasound11,34
p1 to p5) enables a highly controlled approach with high viability for
jected area of the fluorescently labelled HDMECs captured right before
ated at �200 W input power for �500 ms, and the total duration of the
with WGA and Hoechst, respectively, to better visualize the projected
g area of one cell is outlined by dashed lines in all images. (b) The graph
e actuation of each pulse wave, the cells lose some of their projected
h trypsin and accutase. Conventional PI and Hoechst staining is used to
represents 25 mm and applies to all images. The error bars in (b and c)
ts.
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techniques, which require up to several minutes (typically 5–10
min) for an effective dissociation of an entire cell population,
our technique shortens the treatment duration by two orders of
magnitude to seconds. As opposed to enzymatic techniques,
cells are exposed to the dissociating agent only for as long as
they remain attached to the substrate. Finally, our technique
can potentially be used to probe the cell–substrate adhesion
strength in a label-free and high-throughput manner, which will
be explored in the future.
Methods
Device fabrication

We used standard photolithography and so lithography35

techniques to fabricate the PDMSmicrouidic channel (145 mm
� 2 mm � 3 cm). Briey, a PDMS mixture (with the base to
crosslinker ratio at 10 : 1) was poured on the silicon wafer. Aer
curing at 70 �C overnight, the PDMS channel was cut, and the
inlets were punched using a biopsy punch. The PDMS channel
was then bonded to a borosilicate glass substrate (Agar Scien-
tic, UK) with a thickness of �70 mm aer the two surfaces are
functionalized using plasma treatment. A PZT transducer
(diameter: 27 mm, 7BB-27-4L0, Mouser Electronics, USA) was then
bonded on the glass substrate near themicrouidic channel using
the PDMS mixture. Actuation pulse waves at 96 kHz were rst
generated at 300 m Vpp using a function generator (33521A, Agi-
lent, USA) and then amplied using an amplier (2200L, E&I, USA).
Substrate vibrations were characterized using an optical coherence
tomography system (Swept-Source OCT, VEGA series, Thorlabs,
USA). Temperature measurements were conducted using an
infrared camera (Thermovision A40, FLIR, USA).
Cell preparation

A bronectin (Sigma, USA) solution at a concentration of 100 mg
ml�1 was used to functionalize the glass surface of the micro-
uidic channel and to facilitate cell adhesion to the substrate.
The cells were then seeded into the microuidic channel and
were incubated at 37 �C for at least two days before the experi-
ments were conducted. The cell culture medium used for
culturing MDA-MB-231 cells is composed of RPMI 1640 (Wisent
Bioproducts, Canada) supplemented with 10% (v/v) fetal bovine
serum (Wisent Bioproducts, Canada) and 1% (v/v) PenStrep
(Wisent Bioproducts, Canada). For the enzymatic detachment
experiments, MDA-MB-231 cells were incubated with 0.25%
trypsin–EDTA (Wisent Bioproducts, Canada) for 4 min. To
enzymatically dissociate HDMECs, we incubated them with
trypsin and accutase (Gibco, Thermosher, USA) for 15 and
10 min, respectively. We used the endothelium growth medium
(PromoCell, Germany) for culturing HDMECs. For the cellular
membrane staining, WGA Alexa Fluor 633 Conjugate (Ther-
mosher, USA) was used at a dilution ratio of 1 : 100 in the cell
culture medium, and nuclear staining was carried out with Hoechst
33342 (Thermosher, USA) at a concentration of 0.1 mg ml�1.
For the PI staining viability test, PI at a nal concentration of
0.02 mg ml�1 was used. The cells were incubated at 37 �C for
15 min before uorescence images were taken.
32828 | RSC Adv., 2021, 11, 32824–32829
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