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ABSTRACT: Cell−material interactions are crucial for many biomedical applications, including medical implants, tissue
engineering, and biosensors. For implants, while the adhesion of eukaryotic host cells is desirable, bacterial adhesion often leads to
infections. Surface free energy (SFE) is an important parameter that controls short- and long-term eukaryotic and prokaryotic cell
adhesion. Understanding its effect at a fundamental level is essential for designing materials that minimize bacterial adhesion. Most
cell adhesion studies for implants have focused on correlating surface wettability with mammalian cell adhesion and are restricted to
short-term time scales. In this work, we used quartz crystal microbalance with dissipation monitoring (QCM-D) and electrical
impedance analysis to characterize the adhesion and detachment of S. cerevisiae and E. coli, serving as model eukaryotic and
prokaryotic cells within extended time scales. Measurements were performed on surfaces displaying different surface energies (Au,
SiO2, and silanized SiO2). Our results demonstrate that tuning the surface free energy of materials is a useful strategy for selectively
promoting eukaryotic cell adhesion and preventing bacterial adhesion. Specifically, we show that under flow and steady-state
conditions and within time scales up to ∼10 h, a high SFE, especially its polar component, enhances S. cerevisiae adhesion and
hinders E. coli adhesion. In the long term, however, both cells tend to detach, but less detachment occurs on surfaces with a high
dispersive SFE contribution. The conclusions on S. cerevisiae are also valid for a second eukaryotic cell type, being the human
embryonic kidney (HEK) cells on which we performed the same analysis for comparison. Furthermore, each cell adhesion phase is
associated with unique cytoskeletal viscoelastic states, which are cell-type-specific and surface free energy-dependent and provide
insights into the underlying adhesion mechanisms.

KEYWORDS: cell adhesion, cell detachment, surface free energy, viscoelasticity, QCM-D, impedance spectroscopy

1. INTRODUCTION

Cell adhesion and detachment are crucial to many aspects of
cell function and biological processes as well as biomedical and
bioengineering applications. Basic cellular processes, such as
cellular communication, growth, migration, and differentiation
are strongly controlled by cell adhesion and detachment.1−3 As
a result, abnormalities in the adhesion and detachment
behavior of cells accompany many pathological conditions.
For example, the organ preferences for circulating tumor-cell
invasion have been linked to changes in the adhesion receptors
and the cell mechanical properties.4,5 Also, cell adhesion is a
key parameter in the overall cell−material interactions, which

are critical for many applications, such as tissue engineering,6−8

biosensors,9 cell-based therapy,10,11 and implant materials.12,13

Despite recent advances in cell adhesion studies, many
aspects of adhesion still require deeper exploration. For
instance, the fate of medical implants depends critically on
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whether human or microbial cells adhere to the implanted
material. Adhesion of the former is desired, while adhesion of
the latter leads to biofilm formation and infections that may
necessitate high-cost interventions.14,15 Therefore, designing
implant materials that promote eukaryotic cell adhesion while
inhibiting the adhesion of bacteria is important.13 However,
current studies on cell−material interactions for implants
mostly focus on mammalian cells.16,5 Therefore, there is also a
high need to understand the dynamics of microbial adhesion,
both in the short and long-term. Also relevant is cell adhesion
under shear flow.17,18 Thus, noninvasive and real-time studies
are needed to gain insight into the time-resolved adhesion
kinetics of freely flowing cells.
The adhesion properties of cell populations have been

studied using techniques such as centrifuge and shear-force
assays.19 At the single-cell level, techniques including atomic
force microscopy,20 magnetic bead twisting cytometry,21 and
optical trapping22 have been employed to study cell adhesion
properties. These techniques, whether they examine cell
populations or single cells, depend on end point detection
and provide no information on the real-time adhesion and
detachment behavior.5 In addition, these techniques are
invasive because they apply mechanical forces on the cells
and/or introduce foreign materials such as fluorescent labels.
Such invasiveness can result in undesirable effects, such as
denaturation, lysis, and rupture, which affect the intrinsic cell
adhesion behavior.16,23 Recently, a novel method based on
thermal-resistance analysis was successfully used to monitor
cell adhesion in real-time.24−26 Although thermal methods can
monitor the surface coverage of a chip resulting from cell
attachment, they are still not sensitive to cytoskeletal changes
that accompany cell adhesion. This brings us to the method of
choice for this application, being the quartz crystal micro-
balance with dissipation monitoring (QCM-D).
QCM-D is a highly sensitive, noninvasive and label-free

platform that can monitor the adhesion of biological entities in
real-time, including cells, lipids, and proteins.27−29 A QCM-D
simultaneously measures changes in the frequency (Δf) and
energy dissipation (ΔD) of an AT-cut quartz crystal,
corresponding to changes in the mass loading and viscoelastic
properties of the solid−liquid interface due to adsorbing
cells.30,29 This allows one to evaluate different aspects of cell
adhesion, including kinetics of cell attachment, spreading,
growth, and cytoskeletal changes.31−34

Cell adhesion often exhibits complex time-dependent
patterns that depend on properties of the substrate surface,
the liquid medium, as well as the cellular electrical and
mechanical properties. Among these parameters, surface-free
energy (SFE), which depends on the substrate surface
chemistry is decisive for modulating cell adhesion.35,36 SFE
can be regarded as the surface tension of a solid and describes
the excess energy that surface atoms possess due to
unsaturated bonds compared with bulk atoms for which all
bonds are fully saturated. The magnitude of this energy is
determined by the type and number of intermolecular forces,
which can be considered as either dispersive (van der Waals
forces) or polar (hydrogen bonding and dipole−dipole
forces).37 Previous work on the link between surface chemistry
and cell adhesion focused on wettability analysis, which is not a
good predictor of cell adhesion in all situations,38 while few
studies, for example, Nakamura et al.,36 mostly involving short-
term mammalian cell adhesion focus on the effect of SFE.

Therefore, many aspects of the global adhesion and
detachment dynamics of eukaryotic and prokaryotic cells
remain unclear,5 which brings us to three key questions: (i)
What is the nature of the material−cell interactions involved in
cell adhesion under flow, and how does this compare between
eukaryotic and prokaryotic cells? (ii) Does steady-state cell
adhesion involve a noninvasive detachment phase? (iii) What
is the role of SFE on cell adhesion and detachment, and what is
the relation between SFE and cell viscoelasticity in the various
phases of cell adhesion?
In this study, through the choice of three substrates with

different surface chemistries (Au, SiO2, and silanized SiO2), we
aim to clarify the effect of SFE on the dynamics of cell
adhesion and detachment. Hereby, we also address the internal
cellular changes associated with different adhesion phases
under flow and nonflow conditions. S. cerevisiae and E. coli
were used as models for eukaryotic and prokaryotic cells,
respectively. QCM-D and impedance analysis was used as
noninvasive techniques for measurements. We focused on the
time-dependent frequency and dissipation plots to unveil the
cell adhesion kinetics under flow and the dynamics of steady-
state adhesion and detachment. Dissipation versus frequency
(df) analysis was employed to identify the viscoelastic states
associated with cell adhesion and detachment. All measure-
ments were performed in pure 1 × PBS (phosphate-buffered
saline) solution to eliminate the effect of complex media and
acquire results that reflect only pure cell−material interactions.
To the best of our knowledge, this is the first time that the SFE
dependence of S. cerevisiae adhesion and detachment dynamics
are explored in combination with an analysis of viscoelastic
changes. In addition, our comparison with SFE dependent E.
coli adhesion and detachment provides new insights into cell−
material interactions that may be useful for developing novel
materials with preferential cell-type-specific adhesion proper-
ties. Since the adhesion of eukaryotic mammalian cells is
essential for medical implants, we also analyzed the SFE
dependence of human embryonic kidney cells (HEK T293).

2. MATERIALS AND METHODS

2.1. QCM-D Platform and Measurements. To assess the effect
of surface free energy on cell adhesion, the surfaces for QCM-D
measurements were chosen that differ markedly in surface chemistry
and are relevant for implant applications. Two main surfaces, gold,
which is largely inert, and silica, which displays a stable oxide layer,
were used. The motivation for using gold is two-fold. First, studies
correlating surface wettability and cell adhesion have reported a water
contact angle of 65 ± 5° as the “magic number” for ideal cell adhesion
on biomaterials.39,40 This value corresponds to the water contact
angle of clean gold. Second, gold is biocompatible and used for
implants and prosthetic implant components, such as screws.41 The
choice of SiO2 is based on its use as part of the silicone/silica
composite for breast implants42 and as a bioactive coating on other
metal implant materials such as stainless steel, titanium, and tantalum
for orthopedic implants.43,44 Also, we employed silanized silica
surfaces, consisting of −CH3-terminated groups to assess the role of
the polar and dispersive SFE components on different aspects of cell
adhesion. Silanization of the SiO2 surface allows changing the surface
chemistry thus achieving control over the SFE while minimally
affecting the topography.

For QCM-D measurements, we used a Q-sense E4 instrument and
AT-cut quartz crystals (14 mm diameter, 0.3 mm thickness, 5 MHz
resonance frequency) with gold coating and silica coating (50 nm
thickness) purchased from Biolin Scientific (Gothenburg, Sweden).
The gold- and SiO2-coated crystals with similar surface roughness (<1
nm) were cleaned according to the specifications of the manufacturer.
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Some clean SiO2-coated crystals were silanized using trimethylchlor-
osilane (TMCS) (99% purity) purchased from abcr GmbH
(Karlsruhe, Germany). The chips were silanized by evaporating 20
μL of TMCS per chip in a closed container for 15 min, rinsed in
ethanol (99% purity), and dried with N2 gas. Ethanol was purchased
from VWR International S.A.S, (Fontenay-Sous-Bois, France).
During the QCM-D measurements, the frequency shift and energy

dissipation were allowed to equilibrate for at least 20 min at 37 °C in
1 × PBS (pH 7.4, 137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, and
2 mM KH2PO4), thus establishing a stable baseline before adding cell
suspensions in 1 × PBS onto the sensor surface in a flow chamber
(volume 40 μL) at a flow rate of 100 μL/min for 1 h. Afterwards, the
cells were allowed to interact with the surface for a period of at least 2
days (48 h) under nonflow conditions. Time-dependent changes in
the frequency (Δf) and energy dissipation (ΔD) in response to
different phases of cell-surface interactions were monitored
simultaneously.
2.2. Cell Preparation and Cell Cultures. S. cerevisiae cells were

prepared by suspending baker’s yeast Dr. Oetker (Bielefeld,
Germany) in 1×PBS at different concentrations (3.3 × 104, 6.6 ×

104, and 1.6 × 105 cells/mL). S. cerevisiae is a well-known model for
eukaryotic cells and can withstand more extreme physicochemical
conditions than other eukaryotic cells, for example, mammalian cells.
Thus, it is ideal for probing eukaryotic cell behavior under different
physicochemical conditions.45

The JM109(DE3) E. coli strain was used as a model for prokaryotic
cells. E. coli is the organism of choice for studying different aspects of
prokaryotic cells, including infection processes and biotechnological
applications.46,47 An important asset is that E. coli does not form
aggregates, which would be a complication when exploring the cell
adhesion kinetics under flow.48 To allow for fluorescence analysis,
JM109(DE3) bacteria were transformed with pRSETb-mEmerald
(∼10 ng plasmid in 50 μL cells). This vector contains the coding
sequence for the enhanced green fluorescent protein (EGFP) variant,
mEmerald. pRSETb-mEmerald preparation, bacteria transformation,
and cultures were carried out as described in ref 25. Cells were
harvested by centrifuging at 8000 rpm for 5 min at 4 °C and
resuspended in pure 1×PBS buffer. Yeast and bacteria cell
concentrations were determined by OD600 measurements using an
Ocean Optics Red Tide USB650 VIS-NIR Spectrometer.
Human embryonic kidney cells (HEK T293) were cultured in

Dulbecco’s Modified Eagle’s medium (DMEM) supplemented with
10% (v/v) heat inactivated fetal bovine serum (FBS), 1% (v/v)
nonessential amino acids, and 1% (v/v) penicillin−streptomycin. The
cells were grown in T-75 culture flasks and placed in a Binder
incubator (Tuttlingen, Germany) in a 37 °C atmosphere with 5%
CO2. Cells were split three times a week upon reaching 90%
confluency. Cells were washed with Dulbecco’s phosphate buffered
saline without calcium and magnesium and dissociated by the
addition of 1 mL of trypsin for 2 min at 37 °C. Cells were then
counted using a hand-held Millipore Sigma Scepter cytometer
equipped with a 60 μm sensor (Fisher Scientific, Geel, Belgium)
and seeded in a new flask at a density of 105 cells/cm2. Finally, the
cells were washed in 1×PBS.
2.3. Zeta Potential Measurements. The zeta potential of S.

cerevisiae suspensions in 1×PBS was measured using a zeta potential
analyzer (ZetaPlus, Brookhaven Instrument Corperation, NY, U.S.A.)
for two cell concentrations (∼105 and ∼106 cells/mL) at 37 °C. Each
measurement consisted of five runs from which the system computed
the mean zeta potential.
2.4. Contact Angle and Surface Free Energy Measurements.

Contact angle and SFE measurements on all surfaces (gold, silica,
silanized silica), prepared as described in Section 2.1, were performed
with an OCA 25 optical contact angle system (DataPhysics,
Filderstadt, Germany). The sessile drop technique was used to
measure the contact angle with three test liquids of known surface
tension: Milli-Q water, ethylene glycol, and diiodomethane. A liquid
drop of 5 μL was used for all measurements and dispensed by an
automated syringe. All contact angles were measured at a room
temperature of 18 °C. SFE (polar and dispersive) was determined

based on the Owens, Wendt, Rabel, and Kaelble (OWRK)
method37,49 described in Section I of the Supporting Information.

Furthermore, we determined the contact angles and SFE values for
S. cerevisiae, E. coli, and HEK cell monolayers. To achieve this, a cell
suspension was pipetted onto a clean polydimethylsiloxane (PDMS)
stamp and the cells were allowed to sediment for at least 30 min,
followed by spin-coating for 60 s at 3000 rpm (acceleration, 1000
rpm/s) to yield monolayers of each cell type.50 As a control, the SFE
of PDMS was also determined to ascertain that the SFE of the cell
monolayers was not affected by the underlying PDMS layer.

2.5. Optical and Atomic Force Microscopy. To visualize the
bacteria after long-term adhesion, we used a Leica DM750 M
microscope equipped with a HD Digital Camera (Leica MC170 HD)
and a LED light source (Leica SFL100, excitation at 470 nm ±20 nm)
to measure the fluorescence emitted by the EGFP expressed in E. coli.
The fluorescence intensity correlates with the number of live cells and
is therefore a measure for cell viability.25 Bright-field optical images
and images obtained using an Agilent 5500 atomic force microscope
(AFM) with MSNL-F cantilevers ( f = 110−120 kHz, spring constant,
k = 0.6 N/m, average tip radius = 2−12 nm) in intermittent contact
mode were used to analyze the structural integrity of the cells.
Gwyddion software was used to evaluate the AFM topography
images.51

2.6. Yeast Cell Viability Analysis. To evaluate the viability of the
yeast cells after the long-term measurements, a cell suspension was
extracted from the surface of a gold chip after a 96-h adhesion
monitoring experiment. The alamarBlue (Resazurin) cell viability
reagent was used. Resazurin sodium salt was purchased from Acros
Organics, Thermo Fisher Scientific (Geel, Belgium). A 150 μM 10×
resazurin solution was prepared in 1×PBS. For cell viability
measurements, 1×PBS was supplemented with 15 μM of resazurin
solution. Cells, in suspension and on the chip, were incubated with
the resazurin solution in a six well plate for 3 h at 37 °C. After 3 h,
100 μL aliquots were taken and the time-dependent absorbance and
fluorescence of resorufin, resulting from the reduction of resazurin by
the cells was measured every hour with a Tecan infinite 200PRO
microwell plate reader (Tecan Trading AG, Man̈nedorf, Switzerland)
at 570 and 590 nm, respectively.

2.7. Capacitance and Impedance Measurements. Capaci-
tance and impedance measurements were performed using a high-
resolution Alpha impedance analyzer (Novocontrol Technologies,
Montabaur, Germany). The analyzer provides time- and frequency-
dependent information on the capacitance, C(ω), which is related to
the dielectric function ε of the cells through the first part of eq 1

C C Z
i C

( ) ( ), ( )
1

( )
0 cω ε ω ω

ω ω

= =

(1)

where C0 is the capacitance of vacuum, and ω is the angular
frequency. The complex impedance in the case of a pure capacitor is
given in the second part of eq 1. In the lower frequency range, the
measurements are more sensitive to the changes at the interface. At
such low frequencies (102−104 Hz), the alternating current (AC) is
less able to pass through the cell body due to the high capacitive
reactance of the cell membrane (second part of eq 1), which inhibits
current flow and restricts charge transfer to intercellular junctions.52

Therefore, capacitance and impedance monitoring of cell adhesion
gives direct information on the temporal overall coverage of the
electrode by the cell layer because changes in the area, A, of cell
membranes and distance, d, between the cells and the electrode
surface allow to interpret cell attachment, spreading, and detachment
(C = εA/d). For measurements, a suspension of 1.6 × 105 cells/mL
(∼500 μL volume) was sealed in a liquid parallel plate sample cell
(BDS1308, Novocontrol Technologies) at a temperature of 37 °C.
Within the 0.1 Hz to 106 Hz frequency range (1 V excitation voltage),
the impedance was monitored for 48 h using gold-coated parallel plate
electrodes to mimic the gold-coated QCM chips.
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3. RESULTS AND DISCUSSION

3.1. Contact Angle, Surface Free Energy, and Zeta
Potential. Table 1 shows that the contact angles and surface
free energies of the three surfaces (gold, silica, silanized silica)
are considerably different. The highest total SFE of 66.7 mN
m−1 was measured for silica while the measurement on gold
gave 49.4 mN m−1. The polar SFE component dominates on
silica due to its negatively charged surface, while the dispersive
component is higher on gold.
For silanized silica, the total SFE is 29.3 mN m−1, indicating

that silanization decreases the SFE of native silica by over 50%.
The main change in the SFE upon silanization occurs in the
polar part, which decreases by 33.3 mN m−1, while the
dispersive part decreases by only 5.8 mN m−1. This indicates
that silanization decreases the SFE mainly through masking of
the surface charge which makes it effective for controlling the
polar component of the SFE.

Table 1 also includes the surface free energies of cellular
monolayers of E. coli, S. cerevisiae, and HEK cells, which are
67.9, 51.2, and 33 mN m−1, respectively. The difference in the
total surface free energies of yeast and HEK compared to E. coli
originates mainly from the polar component: 19.3 mN m−1

difference between E. coli and yeast and 44.9 mN m−1 between
E. coli and HEK cells. This suggests that the surfaces of E. coli
contain more polar functional groups and therefore are more
charged than S. cerevisiae and HEK cell surfaces. Such
functional groups include −COOH, −NH2, and −OH, related
to lipopolysaccharides, lipoproteins, and surface proteins which
make the cell surface more negative.55 Zeta potential reflects
cellular surface charge, and for S. cerevisiae we measured −9 ±

2 mV, in perfect agreement with literature.56 The literature
value for HEK is −7.4 ± 3 mV as measured by Vandrangi et al.
under standard cell culture conditions.54 For E. coli, Soni et al.
measured −47.8 ± 0.7 mV for cell culture rich medium and

Table 1. Surface Analysis of Sensor Layers and Cellsa

sample
water CA
(deg)

ethylene glycol
CA (deg)

diiodomethane
CA (deg)

surface energy total
(mN m−1)

surface energy dispersive
(mN m−1)

surface energy polar
(mN m−1)

zeta potential
(mV)

gold 60.6 ± 0.6 42.1 ± 1.7 21 ± 3 49.4 ± 0.1 40.4 ± 1.1 9.0 ± 1

silica 13 ± 1 4.6 ± 0.4 45.4 ± 0.6 66.7 ± 1.4 28.6 ± 1.5 38 ± 3

silanized
silica

82 ± 7 65 ± 3 66 ± 1.4 29 ± 2 22.8 ± 0.2 7 ± 2

yeast 42.8 ± 1.1 32.8 ± 0.5 75.9 ± 0.2 51.2 17.4 33.8 −9 ± 2

E. coli 8.5 ± 0.2 12.9 ± 0.2 79.4 ± 1.3 68.0 14.8 53.2 −47.8 ± 0.7

HEK 78.9 ± 3.5 50.8 ± 2.9 62.1 ± 1 32.4 25.1 7.3 −7.4 ± 3.2

PDMS 117.3 ± 0.2 101.7 ± 0.5 61.9 ± 0.2 19.7 19.7 0.00
aContact angle data acquired with three liquids (water, ethylene glycol, and diiodo-methane) and calculated surface free energies for the sensor
surfaces, cell layers on PDMS, and pure PDMS. The last column contains the zeta potential of yeast (measured), E. coli,53 and HEK54 cells. The
errors represent the standard deviations for at least three separate measurements. Figure S2 in the Supporting Information shows representative
water contact angles measured on all surfaces with their corresponding SFE plots.

Figure 1. QCM-D monitoring of long-term S. cerevisiae and E. coli adhesion under flow and nonflow conditions. (A) Representative Δf and ΔD
depicting the first 36 h for a 1.6 × 105 cells/mL S. cerevisiae adhesion on silica. (B) Expanded Δf and ΔD responses and Boltzmann fitting for the
seventh overtone up to the end of the flow phase. (C) Expanded ΔD and Δf plots for the seventh overtone showing lag phase and maximum
adhesion. (D) Plots of Δf and ΔD showing the first 36 h for a 106 cells/mL E. coli adhesion on silica. (E) Expanded ΔD and Δf plots and
exponential fitting for the seventh overtone showing E. coli adhesion dynamics under flow. (F) Expanded ΔD and Δf plots for the seventh overtone
showing continuous ΔD increase to a plateau.
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−40.2 mV for cells in a culture deficient medium.53 They also
showed that labeling with a similar fluorescent protein as used
in our study only slightly changed the zeta potential to −45.9
mV in rich culture medium. These values are consistent with
the much higher polar surface free energy measured for our E.
coli strain and confirm that these cells are indeed more
negatively charged than the yeast and HEK cells used in this
study. The zeta potential, however, is expected to vary by ionic
strength and will, therefore, depend on the medium. For
medical implant purposes, we are interested in ionic strengths
within the physiological conditions, for example, 1×PBS, and
standard culture medium conditions.
Measurements on pure PDMS gave a very low SFE,

originating from dispersive forces only. Therefore, the choice
of PDMS as a substrate for cell monolayers is appropriate and
since the main difference between the two eukaryotic cells and
E. coli is in the polar part, this must be due to the cell
monolayers themselves. In the following sections, we will
assess and compare the adhesion behavior of S. cerevisiae and E.
coli on silica and gold and evaluate the effect of SFE on their
adhesion patterns. Silanized silica will allow to assess the
relative effect of the polar and dispersive components. Focus
will be on short-term adhesion kinetics under flow, long-term
steady state adhesion, and detachment and the effect of SFE on
the viscoelastic signatures of the cells. Finally, the surface
dependence of HEK cell adhesion will be analyzed as an
example of eukaryotic mammalian cells.
3.2. S. cerevisiae and E. coli Adhesion on Silica.

3.2.1. S. cerevisiae Adhesion on Silica. For clarity, we show
only average data points, but all data points are considered for
quantifications, including fittings and fit parameters. Figure 1A
displays the average Δf (dashed lines) and ΔD (solid lines)
responses of at least three QCM-D experiments for five
overtones (5th, 7th, 9th, 11th, and 13th) acquired with a yeast
concentration of ∼1.6 × 105 cells/mL in 1×PBS buffer at 37
°C. The first and third overtones are left out because they
penetrate far into the liquid and therefore do not accurately
represent the cell-surface interactions. All overtones display
similar trends in the time dependence of Δf and ΔD and we
can distinguish three regimes: Regime I represents cell
adhesion under flow while regimes II and III are different
phases of the long-term cell−material interactions in stagnant
liquid. Only the first 36 h are shown for a better depiction,
while measurements for at least 72 h are included in the
Supporting Information, Figure S3. In addition, Figure S4 of
the Supporting Information shows measurements with lower

yeast cell concentrations (3.3 × 104 and 6.6 × 104 cells/mL)
displaying the same features.
Figure 1B shows expanded plots of Δf and ΔD for the

seventh overtone resulting from S. cerevisiae adsorption on
silica during flow (Regime I), showing a frequency decrease of
48 Hz and a dissipation increase to 3.2 × 10−6. This indicates
the adsorption of viscoelastic material on the surface while the
cells encounter hydrodynamic stress. The Δf and ΔD data
were fitted for 60 min of flow using the nonlinear Boltzmann
regression model (eq 2) embedded in the OriginPro 2016
software, version b9.3.226 (Northampton, MA, U.S.A.). The
fits, shown as solid lines, both have R2

≥ 0.99.

Y A
A A

t t1 exp(( )/ )
2

1 2

1/2 τ

= +
−

+ − (2)

The dependent variable Y (Δf or ΔD) varies between the
limiting values of the initial stable signal, A1 in PBS, and the
final signal, A2 after cell addition. The parameter t1/2 is the time
for which Y is halfway between A2 and A1, while τ is the time
constant. The t1/2 values for Δf and ΔD are respectively 56.2 ±
1.3 and 47.3 ± 1.0 min, while the τ values are 11.7 ± 1.3 and
7.7 ± 0.9 min. The errors are the standard errors of the fit
parameters. Since t1/2 depends on the initial stabilization time,
we corrected for the initial delay time, which is 30 min for the
yeast measurement in Figure 1, thus giving t1/2 values of 26.2
min for Δf and 17.3 min for ΔD. Henceforth, all t1/2 values
mentioned, including the values in Table 2 are the absolute
values obtained from subtracting the initial stabilization time.
The sigmoidal nature of Δf and ΔD as a function of time
indicates that the adsorption of cells to the surface under flow
is positively cooperative, which means that the presence of cells
on the surface enhances further cell adsorption, a phenomenon
also reported for mammalian cells.57,58 The t1/2 and τ values for
Δf are longer in comparison to those for ΔD, indicating that an
additional process, such as a change in cellular viscoelasticity,
contributes to the ΔD response. If viscoelasticity does not
change with time, the kinetics of ΔD and Δf would be
identical.29 Measurements with lower concentrations also show
that the time constants for ΔD are shorter than for Δf. Table 2
compares the mean values of the fit parameters and the total
Δf and ΔD shifts during flow (Δf flow and ΔDflow) for the three
yeast cell concentrations. The data show that Δf flow and ΔDflow

increase with increasing concentration while t1/2 and τ

decrease. Thus, the adhesion level and adhesion rate (1/τ)
both increase with increasing concentration.

Table 2. Surface-Dependent S. cerevisiae and E. coli Adhesion, Showing the Average Δf, ΔD, τ, and t1/2 Values for at Least Two
Measurementsa

cells
104/ml

−Δf flow
(Hz)

−Δf flow
t1/2 (min)

−Δf flow
τ (min) ΔDflow × 10−6

ΔDflow
t1/2 (min)

ΔDflow
τ (min)

−Δfmax
(Hz) ΔDmax × 10−6

S. cerevisiae

silica 16 47.3 ± 6 25.6 ± 0.8 10 ± 1.9 3.3 ± 0.4 18.8 ± 2 7.0 ± 1 79 ± 7.4 5.6 ± 0.9

6.6 25.4 ± 0.6 34.7 ± 0.7 12.9 ± 0.6 2.7 ± 0.0 28 ± 2.5 11 ± 0.4 39.3 ± 2.4 2.9 ± 0.1

3.3 18.4 ± 2.5 38 ± 0.8 14.5 ± 0.7 2.0 ± 0.2 29.5 ± 2.9 11.7 ± 1.7 23.6 ± 2 2.3 ± 0.1

gold 16 37 ± 4.2 16.8 ± 0.9 6.2 ± 0.1 2.3 ± 0.1 14.7 ± 0.8 4.5 ± 0 60.5 ± 6.4 4.1 ± 0.1

silanized silica 16 11.2 ± 0.8 9.8 ± 1.1 6.2 ± 0.8 0.4 ± 0.1 5.1 ± 1.2 1.9 ± 0.6 41 ± 7.1 2.6 ± 0.7

E. coli

silica 100 14.3 ± 1.6 N/A 94.3 ± 15 1.6 ± 0.2 N/A 61.7 ± 6.2 14.3 ± 1.6 2.3 ± 0.3

gold 100 33.5 ± 4 N/A 11.5 ± 3.1 1.4 ± 0.3 N/A 17.2 ± 7.4 33.5 ± 4 2.1 ± 0.3

silanized silica 100 18.8 ± 0.8 N/A N/A 1.5 ± 0.3 N/A N/A 18.8 ± 0.8 3.2 ± 0.9
aErrors represent the standard deviations.
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Regime II is characterized by two phases as shown in Figure
1C. During the first phase, Δf remains mostly constant,
indicating that cells maintain a minimal contact area and weak
coupling with the sensor surface. Such a phase with limited
changes in cell adhesion has been reported for mammalian
cells as the “lag phase”.34,57 Following the lag phase, frequency
signal drops sharply and nonlinearly to −80 Hz (Δfmax, Figure
1C). The behavior of the frequency shift in the second phase
of regime II also follows a Boltzmann behavior, consistent with
eq 2 (t1/2 = 6.8 h, τ = 1.2 h, R2 = 0.999). This indicates that
after the lag phase, more cell mass strongly attaches to the
surface,59,60,8 again with a cell−cell cooperativity effect.61 We
can exclude the possibility that data are affected by cell
proliferation during measurements because the medium is
nutrient free, and cells had been washed in pure PBS.
Interestingly, the behavior of ΔD is not reciprocal to that of

Δf in the first phase of regime II. After ΔD reaches a maximum
by the end of flow (ΔDflow), it decreases considerably in time,

while Δf remains mostly constant. This decrease in ΔD
confirms that the cell layer becomes less dissipative during the
lag phase and suggests that there is a reorganization of the
cell’s cytoskeleton.5 Following the ΔD decrease, ΔD increases
sharply according to eq 2 (R2 = 0.999, t1/2 = 7.0 h, τ = 1 h) to a
maximum (ΔDmax), which coincides in time with the
maximum in Δf (Δfmax) (Figure 1C). Table 2 shows the
average values of Δfmax and ΔDmax, for the three cell
concentrations on silica, confirming that surface coverage
increases with cell concentration.
Finally, in regime III Δf and ΔD decrease in magnitude,

suggesting that the cell-surface contact is gradually lost and
detachment occurs. For the 1.6 × 105 cells/mL concentration,
the average detachment time is 12 ± 2 h. The detachment time
is the period spanning the introduction of cells to the surface
and the local Δf minimum (Δfmax). The detachment time
increases with decreasing concentration as depicted in Figure
S4 of the Supporting Information. At low concentrations, cell−

Figure 2. Surface-dependent yeast cell adhesion monitoring. Time evolution of Δf (A) and ΔD (B) showing cell adhesion in the presence of flow
and at steady state as well as during long-term cell detachment. (C) Total Δf and ΔD responses during flow as a function of SFE. (D) SFE
dependent t1/2 and τ (E) for Δf, ΔD. (F) Surface dependent Δfmax and ΔDmax. (G) Dependence of yeast cell retention on the dispersive fraction of
the SFE. (H) Time-dependent capacitance and impedance response depicting yeast cell adhesion and detachment. (I) Viability test showing
increasing yeast cell activity with time. Insert: AFM image of yeast cells on gold after measurement displaying preserved structural integrity.
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cell separation is larger, thus cells can establish more adhesion
bonds, resulting in stronger adhesion strength8 and thus longer
cell retention. This result is a significant finding, as it reveals
that yeast adhesion is followed by a noninvasive, time-
dependent detachment. This phenomenon provides funda-
mental insight regarding many natural processes such as
biofilm formation and cell release mechanisms in nutrient-free
environments. Thus, it would be interesting to probe this
phenomenon in different media and with other eukaryotic cells
to understand the complex cell detachment mechanisms in, for
instance, cancer metastasis.
3.2.2. Adhesion of E. coli on Silica. Figure 1D shows typical

frequency and dissipation plots of the 5th to the 13th overtone
measured for an E. coli concentration of 106 cells/mL
displaying three regimes I, II, and III. Regime I represent
cell adhesion under flow, Regime II spans the end of flow to
the maximum ΔD, while the rest of the profile is regime III.
During flow, ΔD increases while Δf becomes more negative
due to cell adsorption on the silica surface (Figure 1E). The
time dependence of Δf (and ΔD) is exponential according to
eq 3 (R2

≥ 0.99 for all fits).

Y Y A
t

exp0
τ

= +
−ikjjj y{zzz (3)

where Y represents Δf or ΔD, Y0 is the horizontal asymptote of
the fit function, A is the amplitude, and τ is the time constant.
The time constants are 105 ± 3.3 min for Δf and 57 ± 1.3 min
for ΔD while the total Δf is ∼12.4 Hz with a corresponding
ΔD of 1.5 × 10−6. The Y0 value for Δf is −26.6 ± 0.6 Hz, while
for ΔD this value is 2.1 ± 0.03 × 10−6. All errors are standard
errors, and the relatively small parameter errors, together with
the high R2 (≥0.99), indicate that eq 3 is a good approximation
for describing E. coli adsorption on silica. The exponential
profile suggests that E. coli adsorption is not positively
cooperative. Also, compared with yeast adhesion under flow,
E. coli adsorption is much slower, and this can be attributed, in
part, to the higher zeta potential and surface free energy of the
E. coli cells (Table 1). Following the addition of cells, the
magnitude of Δf decreases, while ΔD keeps increasing
exponentially for nearly 3 h (regime II) before reaching a
plateau (Figure 1F). This behavior is in contrast to the yeast
adhesion profile shown in Figure 1A. The decreasing
magnitude of Δf indicates that the bacteria desorb from the
silica surface. On the other hand, the continuous dissipation
increase shows that after cells enter into contact with the
surface, coupling between the cell membrane and the surface is
maintained through soft and strongly energy-dissipating
structures that become less tightly bound with time.
Prokaryotic cells often have soft and tiny appendages on
their surfaces, including flagella, fimbriae, and pili, which may
play a significant role in cell adhesion behavior. The flagella of
E. coli, for instance, have been shown to moderate cell adhesion
in a surface-dependent manner: flagella adhere poorly to
hydrophilic surfaces and inhibit cell binding.46 The continuous
dissipation increase can therefore be attributed to the soft and
flexible structures on the cell wall and their increasing
Brownian motion upon desorption as well as the thin liquid
film between the bacteria and the surface due to loose
coupling.27 In regime III, ΔD decreases slightly and remains
constant in the long term as Δf continues to decrease in
magnitude, thus indicating continuous but gradual cell
desorption.

3.3. SFE and S. cerevisiae Adhesion. To evaluate the
effect of SFE on yeast adhesion, a 1.6 × 105 cells/mL
suspension was measured on gold, silica, and silanized silica.
Figure 2A compares the frequency plots for representative
measurements on these materials over a period of 80 h with a
logarithmic scaling of the time axis. Figure 2B shows the
corresponding dissipation signals. In both cases, the cell
adhesion regimes (I, II, II) described for silica in Section 3.2.1
are clearly visible.
At the end of regime I, the magnitudes of Δf and ΔD are

smaller for gold (Δf = −37 ± 4.2 Hz, ΔD = 2.3 ± 0.1 × 10−6)
and silanized silica (Δf = −11.2 ± 0.8 Hz, ΔD = 0.4 ± 0.1 ×

10−6) than for the unmodified silica with Δf = −47 ± 6 Hz,
ΔD = 3.3 ± 0.4 × 10−6. Figure 2C compares Δf flow and ΔDflow

for an average of at least two measurements on the three
surface types as a function of SFE. As shown, the magnitude of
both parameters decreases from silica to gold and then to
silanized silica. Thus, under flow, yeast adhesion increases with
increasing SFE. The effect of SFE seems to be mostly driven by
its polar component which is 38 mN m−1 for silica, 9.0 mN
m−1 for gold, and only 7 mN m−1 for silica after silanization.
During flow, both the frequency and dissipation shifts follow

a similar sigmoidal trend as described for silica (eq 2) with the
fit parameters summarized in Table 2. Figure 2D,E show t1/2
and τ for Δf and ΔD as a function of SFE, showing that both
time parameters increase with SFE. Consequently, adhesion
rate, 1/τ, increases with decreasing SFE. However, because the
cell adsorption rate does not positively correlate with the
adhesion levels (Δf flow), we hypothesize that the adhesion rate
is rather driven by hydrophobic forces, which positively
correlate with surface hydrophobicity as determined from
water contact angles (Table 1). Hydrophobic forces are long-
range and up to hundreds of nanometers.62,63 Therefore, they
must play a significant role in modulating the double layer
repulsion (<10 nm), thus enhancing the adhesion rate.
In regime II, Δfmax and ΔDmax are also smaller compared to

the silica values; 60.5 ± 6.4 Hz and 4.1 ± 0.1 × 10−6 for gold,
and 41 ± 7.1 Hz and 2.6 ± 0.7 (10−6) for silanized silica
(Table 2). Figure 2F displays the average Δfmax and ΔDmax as a
function of SFE, showing an increase in both parameters with
increasing SFE. Furthermore, Δf and ΔD show a recovery
behavior for all three surfaces, revealing that yeast cells detach
at longer time scales. There is a remarkable difference in the
detachment of yeast from silica as compared to the two other
surfaces. On silica, Δf recovers by about 75%, while for gold
and silanized silica Δf recovers to its end-of-flow value (end of
regime I).
The Δf recovery pattern is associated with the dispersive

fraction of the SFE, which is the ratio of the dispersive
component to the total. In percentages, these values are 81.8%
(gold), 78.9% (silanized silica), and 42.9% (silica). Also, the
detachment time constant, obtained by fitting eq 2 to the first
14 h after maximum cell adhesion (R2

≥ 0.999 in each case)
increases for a higher percentage of dispersive SFE, meaning
that the detachment rate decreases (Figure 2G). A high
percentage of dispersive forces reflect a strong relative
contribution of short-range attractive (van der Waals) forces
to the overall cell-surface interactions, which in turn promotes
cell retention. These results agree with the extended theory of
Derjaguin, Landau, Verwey, and Overbeek (XDLVO), which
asserts that initial adhesive contact between cells and surfaces
is controlled by double-layer repulsive forces and hydrophobic
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forces, while stable adhesion is driven by van der Waals
forces.64,65,57

Comparing the long-term ΔD changes between the surfaces,
Figure 2B also shows remarkable differences. For instance,
after 70 h (dashed arrowed line) ΔD for silica, gold, and
silanized silica are, respectively, 6.8 × 10−6, 3.5 × 10−6, and 0.9
× 10−6, which indicates that the viscoelasticity of the cell layer
decreases with decreasing SFE.
Also, impedance and capacitance analysis, used as a

complementary method, showed that S. cerevisiae undergoes
time-dependent detachment. As shown in Figure 2H, the
capacitance decreases to a minimum (with a maximum in the
impedance) after approximately 11 h due to cell adhesion.
Thereafter, the capacitance increases, thus indicating that cells
detach. This can be explained from the point of view that the
total capacitance at the electrode−liquid interface without cells
is the intrinsic electrode capacitance. For each cell that adsorbs
on the electrode, a capacitive layer is formed and the total
capacitance, CT of the cell and electrode system can be
considered as two capacitors in series (1/CT = 1/Ccell + 1/

Celectrode). As cells progressively adhere to the electrode, a
parallel combination of such series capacitors results in a
decrease in the total capacitance.52 Upon cell detachment, the
contribution by the cells diminishes and the electrode
capacitance is recovered. Therefore, impedance analysis
confirms the cell detachment and its time scale, consistent
with the data obtained with QCM.
Finally, we assessed the viability and structural integrity of

the cells over the course of such long-term measurements.
Figure 2I presents the results obtained from the cell suspension
and the chip after 96 h of measurement on gold, showing an
exponential increase in resorufin fluorescence as a function of
incubation time, resulting from the reduction of resazurin by
life cells with no change in the PBS-only control sample (not
shown). This proves that the cells are still metabolically active
after 4 days. The insert in Figure 2I shows an AFM image of
the gold chip after long-term yeast adhesion monitoring, which
clearly displays yeast cells of ∼3 μm diameter, the typical size
of S. cerevisiae.

Figure 3. Surface-free energy-dependent E. coli adhesion. Logarithmic time evolution of Δf (A) and ΔD (B) showing cell adhesion under flow and
steady state conditions. (C) Expanded Δf and ΔD plots displaying a two-stage adhesion response on silanized silica. Fluorescence images of silica
(D) and gold (E) sensor surfaces after a long-term adhesion monitoring. (F) Maximum Δf as a function of SFE. (G) Surface energy dependent Δf
and ΔD time constant. (H) Silanization decreases the polar component of the SFE and enhances E. coli adhesion. (I) E. coli cell retention as a
function of the dispersive SFE fraction. In panels F−I, all data points are averages of three measurements and error bars correspond to standard
deviations.
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3.4. Surface Energy and E. coli Adhesion. Figure 3A,B
shows (in log scale) the time-dependent Δf and ΔD in
response to the adhesion of 106 cells/mL E. coli on silica, gold,
and silanized silica. Under flow, for silica and gold Δf shows an
exponential decay according to eq 3 to plateau values of 12.5
Hz (silica) and −34.5 Hz (gold), indicating clearly that E. coli
adhesion is much higher on gold than on silica. With regards to
the adhesion kinetics under flow, the time constant of Δf is
shorter for gold than for silica (Table 2). This shows that E.
coli adsorbs faster on gold, than on silica.
For silanized silica, Δf shows an initial fast change (t1/2 = 7.3

min, τ = 1.9 min) followed by a more gradual change with t1/2
= 55 min and τ = 12.9 min. The parameters are obtained with
a sigmoid fit function according to eq 2 (R2 > 0.99). The total
Δf change is ∼−19 Hz, which is in between the values for pure
silica and gold. Analysis of the Δf time constant for the
silanized silica surface is not straightforward due to the two-
step process. However, the overall Δf and ΔD profiles suggest
a much faster adsorption rate on silanized than on bare silica.
The two-step frequency profile indicates a transition within the
adhesion process, which can be attributed to interfacial
rearrangements at the bacteria−substrate interface. Here, the
appendages of E. coli, such as their flagella probably play a
major role.46,66 The higher adhesion level of E. coli on silanized
silica compared to pure silica agrees with Friedlander et al.,
who reported a positive correlation between E. coli adhesion

and the surface hydrophobicity of self-assembled monolayers
of thiols with different end-groups on gold films.46 However,
from our measurements, higher adhesion is measured on gold
(CA = 61°) compared to silanized silica (CA = 82°), thus
indicating that other surface factors, besides surface hydro-
phobicity, account for the E. coli adhesion, for instance, surface
charge, zeta potential, surface roughness, and constituent
elements at the surface.36

In regime II, the magnitude of Δf for gold is the highest with
minimal changes over time, while it clearly decreases for silica
and silanized silica as the dissipation increases to a maximum
value for all three surfaces. During regime III, ΔD decreases to
a plateau for all surface while the frequency signal continues to
decrease markedly over time for silica and silanized silica with
little or no change for gold. This confirms that in long-term, at
the scale of days, cells remain bound on gold, but not on silica
and silanized silica. Figure 3D,E shows the fluorescence images
of the rinsed silica and gold surfaces, respectively, after
measurement and clearly display green fluorescence from the
gold surface and no fluorescence from the silica surface
because of cell detachment. This proves that the steady and
high Δf signal measured for gold is indeed due to bound E. coli,
the structural integrity of which is also preserved as displayed
by the brightfield optical image in Supporting Information
Figure S5.

Figure 4. SFE-dependent adhesion fingerprints of S. cerevisiae and E. coli. (A) df plots for S. cerevisiae on silica for a period of 48 h (upper curve)
and 1 × PBS on silica (lower curve). (B) df plot for S. cerevisiae adhesion on gold, silica, and silanized silica showing a decrease in the viscoelasticity
of the cells from silica to gold to silanized silica. (C) Slope of df plots in absolute values as a function of SFE, showing a decrease in cell stiffness
from regime I to regime III and an increase in cell stiffness for each phase with decreasing SFE. (D) df plot for E. coli adhesion on silica for a period
of 24 h. (E) df plot for E. coli adhesion on gold, silica, and silanized silica showing a decrease in the viscoelasticity of cells on the silanized silica
compared to silica and highlighting the two-step adhesion process on silanized silica. (F) Absolute values of df slope compared between the three
surfaces for adhesion under flow (regimes I) and the initial detachment in stagnant liquid (regimes II). In panels (C,F), the data points were
determined from three separate measurements and the error bars represent the standard deviations.
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With regards to SFE, we show that a high surface free energy
surface (silica) hinders E. coli adhesion (Figure 3F,G) probably
due to the high SFE and zeta potential of the E. coli cells
themselves. Specifically, the polar component plays a major
role in preventing E. coli adhesion, which also possess a high
polar component (Figure 3H). On the other hand, the
dispersive component promotes adhesion and long-term
retention. Figure 3I displays E. coli retention at t = 24 h as a
function of the dispersive fraction of the SFE. The percentage
retention was calculated as the ratio of Δf at 24 h, Δf 24h, to the
maximum value of Δf following cell addition, Δfmax:

percentage retention = Δf 24h/Δfmax × 100. As shown, the
retention of E. coli increases with the dispersive fraction of the
SFE. This can be attributed to less electrostatic repulsion and
strong van der Waals interactions between the dispersive
surface and the cells.

3.5. Cytoskeletal Changes Accompanying S. cerevi-

siae and E. coli Adhesion. 3.5.1. Cytoskeletal Changes and
S. cerevisiae Adhesion. We also assessed the time-dependent
changes in the internal cellular organization accompanying S.
cerevisiae and E. coli adhesion under flow and nonflow
conditions as a function of surface free energy. Internal

Figure 5. QCM-D monitoring of long-term HEK cell adhesion and detachment. (A) Δf and ΔD plots from a representative measurement depicting
the first 36 h of HEK cell adhesion on silica. (B) Expanded Δf and ΔD responses for the seventh overtone up to the end of the flow phase. (C)
Surface-dependent Δf comparing HEK cell adhesion on silica, gold, and silanized silica. (D) Surface-dependent Δfmax representing maximum cell
adhesion and showing an increase in cell adhesion as a function of surface free energy. (E) Correlation between surface free energy and HEK cell
adhesion, displaying a predominant role of the polar surface free energy on HEK cell adhesion on silica. (F) Surface-dependent adhesion of E. coli,
yeast, and HEK cells demonstrating a common trend for yeast and HEK cells with the adhesion of both cells highest on the polar silica surface and
minimum on the silanized surface, while E. coli adhesion displays the opposite trend, lowest adhesion on silica, which increases upon silanization.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c00353
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

J

https://pubs.acs.org/doi/10.1021/acsami.0c00353?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c00353?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c00353?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c00353?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c00353?ref=pdf


cellular organization correlates with the viscoelasticity of the
cells; the more organized the cellular interior, the stiffer the
cells.5,34 Therefore, such analysis highlights cell adhesion
mechanisms from a cytoskeletal perspective and the depend-
ence of these mechanisms on substrate SFE. Figure 4A displays
a df (dissipation versus frequency) plot for the seventh
overtone with 1.6 × 105 cells/mL-yeast concentration
measured on silica. The three regimes described for yeast
adhesion (I, II, III) are indicated in the plot. As shown, for
regime I the df plot exhibits a monotonic behavior with a
decreasing slope, indicating that yeast cells undergo small
internal changes (becoming stiffer) in their cytoskeleton upon
contact with the surface during this regime. In regime II, the
slope of the df plot is mostly linear, except for a gentle increase
that follows a sharp but brief drop in the beginning
(arrowhead). A constant slope indicates that the mass loading
is associated with homogeneous viscoelastic properties, thus no
cytoskeletal changes are taking place. The behavior of the df
plot here is a characteristic signature of cell spreading.8 Finally,
in regime III, the df plot exhibits a linear and nearly
symmetrical reversal, which represents loss of cell-surface
contact due to cell de-adhesion. The slope of the df plot
subsequently increases sharply, but because at this point Δf is
at a plateau this is related to increased viscoelasticity of the
overlayer as a whole.
Such df plot profiles are independent of cell concentration,

confirming that these are indeed the pure cell−material
adhesion fingerprints of S. cerevisiae (see Figure S4, Supporting
Information for data on other concentrations). From the
control experiment with pure PBS, the df plot (Figure 4A,
lower curve) gives a straight line, confirming that the changes
in the df plot for yeast are indeed due to cytoskeletal changes.
Overall, the df slope is different for each regime, which
indicates that the S. cerevisiae cells exhibit different viscoelastic
states in these regimes.
Figure 4B shows the comparative df plots for yeast adhesion

on all three materials. The different regimes are clearly
distinguishable, and the adhesion fingerprints are markedly
different between the three surfaces. As a common trend, the
overall slope is lower for regime I than regime II, while the
slope of regime III is the lowest. An important observation is
that the detachment phase (Regime III) involves a transition
from a less stiff to a stiffer cell layer, which may provide useful
information on the detachment mechanism. Figure 4C displays
the SFE dependence of the absolute slope of df for the initial
adhesion phase under flow (regime I) and the detachment
phase (regime III). For both regimes, the slope of the
fingerprint plots clearly increases with increasing SFE, from
silanized silica through gold to pure silica. This shows that cells
behave stiffer on surfaces with low surface free energy.
3.5.2. Cytoskeletal Changes and E. coli Adhesion. Figure

4D displays a df plot for E. coli (1.0 × 106 cells/mL) on silica
for a period of 24 h. The parts of the profile labeled I, II, and
III correspond to the regimes defined in Section 3.2.2. Figure
4E shows the comparison of df plots for all three surfaces. For
gold and silica, the slope of the df plots increases from phase I
to phase II, showing that on each surface the cell layer becomes
increasingly energy dissipating. The absolute energy dissipation
and the df slope in each phase is smaller for gold than silica,
thus the cells are stiffer on gold than on silica. Furthermore, the
silanized version of silica also displays lower df slopes than the
unmodified version, indicating that the reduced SFE makes the
bound cells less viscoelastic. To illustrate the correlation

between SFE and viscoelasticity, Figure 4F shows the df slopes
of regimes I and II, in absolute values as a function of SFE. The
slope of regime I for silanized silica is a rough approximation
due to its biphasic nature. Nonetheless, the slopes are smaller
for silanized silica and gold compared to silica within both
regimes.

3.6. Surface-Dependent Adhesion of HEK Cells. In this
study, we used S. cerevisiae as a model organism for eukaryotic
cells as explained in Section 2.2. However, it displays important
structural difference with mammalian cells, which are the most
relevant cells in the case of medical implants. Therefore, we
performed additional adhesion experiments on human
embryonic kidney cells as an example of a mammalian cell
on the three surfaces used for yeast and E. coli measurements.
Similar to measurements with yeast and E. coli, HEK cells were
centrifuged to completely remove the medium and thus
allowing one to study the pure cell−material adhesion
interactions. The concentrations for measurement were ∼1.6
× 105 cell/mL, similar to the yeast concentrations.
Figure 5a shows the dissipation and frequency plots

obtained from a representative HEK adhesion measurement
on silica over a period of 36 h with three regimes, I, II, and III,
identified similar to the regimes found with yeast in Section
3.2.1. During cell addition (Regime I), the frequency shift
decreases to ∼−60 Hz (Δf flow, Figure 5b), while the
dissipation increases to 5.8 × 10−6 (ΔDflow, Figure 5b).
Following cell addition, in stagnant liquid (regime II) the
frequency further decreases to 72 Hz (Δfmax) with a dissipation
increase to 6.5 × 10−6 (ΔDmax). Finally, in regime III the
frequency recovers alongside the dissipation. Overall, the
adhesion behavior of HEK cells on silica closely resembles that
of yeast described in Section 3.2.1, both involving, for instance,
a spreading phase in regime II and an S-shaped detachment
phase.
For analyzing the surface dependence of HEK cell adhesion,

we focus on the frequency plots, displayed in Figure 5C. The
total frequency shifts during flow, Δf flow are −60 Hz for silica,
−50 Hz for gold, and −45 Hz for silanized silica, thus showing
clearly that the adhesion of HEK cells under flow is surface
dependent. A major difference of interest in the adhesion
patterns compared between the surfaces shows up in regime II
in which the frequency further shifts significantly for silica
compared to gold and silanized silica. This suggests that silica
promotes cell adhesion and spreading compared to gold and
silanized silica. It is unlikely that the further shift on silica is
due to cell proliferation for two reasons: First the cells were
washed in pure 1×PBS without nutrients. Second, in the case
of proliferation, this would also be observed on the other
surfaces as their properties allow for cell growth. For instance,
as shown in Supporting Information Figure S2, the water
contact angle and SFE of the cell culture flask, which is
optimized for cell growth, are more similar to those of gold
than silica.
With regards to surface free energy, Figure 5D displays the

maximum frequency shift resulting from HEK cell adhesion as
a function of surface free energy. The data points represent the
average values from four separate measurements, while the
error bars are the standard deviations. As shown, HEK cell
adhesion increases with increasing surface free energy. As
depicted in Figure 5E, HEK cell adhesion is promoted by a
high polar SFE contribution. These results are consistent with
findings by Nakamura et al., who reported that the adhesion of
mouse osteocyte-like cells to hydroxyapatite was predom-
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inantly controlled by the polar SFE ratio.36 According to their
studies, hydroxyapatite surfaces with higher polarization
capacities (due to a higher hydroxide ion content) displayed
a higher SFE polar ratio compared to conventional
hydroxyapatite and promoted accelerated cell adhesion and
spreading than the conventional ones.
Figure 5F compares the adhesion of the three cell types on

the three surfaces. Data points represent the average of at least
three measurements and the errors are the standard deviations.
As shown, yeast and HEK display high adhesion on the highly
polar silica surface on which E. coli adhesion is minimal, thus
confirming that a high polar surface free energy enhances the
adhesion of these eukaryotic models and hinders E. coli
adhesion. This suggests that SFE analysis of both cells and
surfaces is a useful means of tuning surfaces to inhibit bacteria
adhesion on implants while promoting eukaryotic cell
adhesion. Most importantly, relevant to implants are specific
bacteria that are prevalent for causing implant infections, such
as Staphylococcus aureus, which is reported as the leading cause
of orthopedic surgical site infections and periprosthetic joint
infections according to ref 14. S. aureus is hydrophilic67 with a
zeta potential in the range of −47 mV (pH 6.5) to −37 mV
(pH 9.5).68 Also, and interestingly, the surface free energy of S.
aureus as measured by Gerson and Scheer69 gave a value of
69.7 mN m−1, which is very close to our E. coli value of 68.0
mN m−1 displayed in Table 1. Such cells may therefore display
the adhesion patterns of E. coli, meaning that while a highly
polar surface promotes mammalian cell adhesion, it is likely to
inhibit S. aureus adhesion in a manner akin to E. coli.
Furthermore, other infectious bacteria, such as Salmonella sp.
and Pseudomonas sp. have been shown to have zeta potentials
of −16.6 and −46.9 mV, respectively,53 indicative of high polar
surface free energy components; thus, their adhesion is likely
to be counteracted by high polar surface free energy surfaces.
This suggests that the adhesion of a good range of harmful
prokaryotic cells can be counteracted on highly polar surfaces,
making SFE analysis an interesting strategy for selectively
preventing bacterial adhesion on materials.

4. CONCLUSION

In this study, we have used S. cerevisiae and E. coli as model
eukaryotic and prokaryotic cells to monitor, in real time,
several aspects of cell adhesion that are important for
understanding the underlying adhesion mechanisms. To
achieve this, we employed two materials, gold and silica
(native and silanized), to unravel the effect of surface free
energy on cell adhesion kinetics under flow and the adhesion
behavior in stagnant liquid, including their time-dependent
cytoskeletal changes. For comparison with a human eukaryotic
cell line, we performed reference experiments on HEK cells.
The results show that while S. cerevisiae adhesion is faster

and displays positive cooperativity, E. coli adhesion is much
slower and less cooperative. The adhesion rate for both cells
increases with surface hydrophobicity, thus, revealing that
hydrophobic forces drive the adhesion kinetics.
In the absence of flow, we show that within the time scale of

hours, S. cerevisiae displays higher adhesion on silica compared
to gold. On the other hand, E. coli shows the opposite
behavior, displaying higher adhesion on gold than silica.
Remarkably, we found that S. cerevisiae detach on all surfaces,
while E. coli detach on both the modified on unmodified silica
with little or no detachment on gold. For both cell types, in the
long term, up to days, the highest levels of cell detachment

were measured on silica and lowest on gold. From a SFE
analysis, we conclude that the adhesion of both cells with and
without flow is strongly modulated by surface free energy.
Generally, a high SFE surface promotes yeast adhesion and
hinders E. coli adhesion. Specifically, the adhesion levels and
long-term cell retention are determined by the balance
between the polar and dispersive surface free energy
components. A high polar SFE surface, such as silica, enhances
S. cerevisiae adhesion but impedes E. coli adhesion, while a high
dispersive SFE surface (e.g., gold) enhances long-term cell
retention for both cell types.
In addition, we have explored, not only the surface free

energy dependence of the adhesion and detachment of S.
cerevisiae and E. coli but also the viscoelastic changes associated
with their different adhesion phases. Our analysis shows that
cell-specific adhesion phases are linked to distinct viscoelastic
states. Therefore, viscoelastic signatures highlight the adhesion
mechanisms of each cell type, thus distinguish the adhesion
mechanisms of yeast and E. coli. In addition, we show that for
both cell types, viscoelasticity is related to surface free energy.
Cells are stiffer on low surface free energy surfaces, which
suggest that cells alter their cytoskeletal organization in
response to changes in SFE, and this may explain the
association between cell adhesion and SFE.
Finally, we show that the surface free energy dependence of

HEK cell adhesion is comparable to that of yeast. The
adhesion of both cells increases with surface free energy with
the polar component playing a major role. Therefore, in terms
of application, the results indicate that biomaterial surfaces for
medical implants can be intelligently engineered to enhance
the adhesion of a desired eukaryotic cell type, while inhibiting
the adhesion of a wide variety of infectious bacteria by tuning
the surface free energy of the material. For instance, for
applications for which eukaryotic cell adhesion is desired
material selection and/or surface modification should aim at
high SFE surfaces with a high polar contribution. Since cells
differ in surface properties, similar studies involving other cell
types would be beneficial. Another important application
relates to biosensors and cell sorting, which usually require the
selective binding of target cells to receptor layers. Our results
suggest that such surfaces can be tuned from a surface energy
point of view to enhance the binding of target cells, thus
improving selectivity and detection limits.
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