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bstract

Recent applications of quartz crystal resonant sensor technology to monitor cell adhesion and specific ligand interaction processes has triggered
he development of a new category of quartz crystal microbalance (QCM) based biosensors. In this study human oral epithelial cells (H376) were
ultured on quartz sensors and their response to microspheres investigated in situ using the QCM technique. The results demonstrated that this
ovel biosensor was able to follow cell–microsphere interactions in real-time and under conditions of flow as would occur in the oral cavity. Unique

requency profiles generated in response to the microspheres were postulated to be due to phases of mass addition and altered cellular rigidity.
upporting microscopic evidence demonstrated that the unique frequency responses obtained to these interactions were in part due to binding
etween the cell surface and the microspheres. Furthermore, a cellular uptake process, in response to microsphere loading was identified and this,
y influencing the rigidity of the cellular cytoskeleton, was also detectable through the frequency responses obtained.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The efficacy of conventional dosage forms employed to
nhance oral hygiene is limited by the rapid decline in the con-
entration of actives after administration. Strategies to improve
etention of pharmacological actives within the oral cavity have
ncluded the incorporation of bioadhesives and a number of

ethods exist to evaluate the ability of such compounds to
nteract with oral mucosal substrates for prolonged periods
Chickering and Mathiowitz, 1995 and Kockisch et al., 2003).
tudies more pertinent to human oral epithelial cell behaviour

nclude the use of buccal cell isolates (Kockisch et al., 2001)
nd cultured cells (Doucet et al., 1996; Lawrence. et al., 1996).
ew studies currently allow dynamic assessment of such inter-
ctions under conditions of flow as would occur in the oral cavity
Farokhzad et al., 2005) and none currently utilise human oral

pithelium under these conditions.

The quartz crystal microbalance (QCM) was originally devel-
ped to follow molecular adsorption at the gas–solid interface

∗ Corresponding author. Tel.: +44 1273 642041; fax: +44 1273 679333.
E-mail address: J.Elsom@brighton.ac.uk (J. Elsom).
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fter Sauerbrey (1959) identified the existence of a linear rela-
ionship between mass addition at the piezoelectric substrate
urface and change in the recorded resonant frequency. Devel-
pment of the technique to monitor events in the liquid phase
esulted in the application of the technique to a number of pro-
esses pertinent to biological research such as ligand–receptor
nteractions (Janshoff et al., 1997) characterisation of pro-
ein adsorption (Höök et al., 1998), nucleic acid hybridisation
Furtado and Thompson, 1998) and QCM based immunoassay
Aizawa et al., 2001).

The QCM technique is particularly attractive to the field
f cell biology as it has the potential to monitor cell–surface
nteractions in a dynamic and non-invasive way. Thus it allows
he generation of kinetic data, and as cumbersome labelling
echniques are negated, the investigation of cellular responses
ithout compromise to cellular architecture or protein struc-

ure. Such advantages have resulted in several pioneering studies
hich demonstrate the ability of the technique to monitor the

dhesion and proliferation of a number of mammalian cell types

n situ on the QCM surface (Matsuda et al., 1992; Redepenning et
l., 1993; Gryte et al., 1993; Janshoff et al., 1996; Wegener et al.,
998, 2000). These preliminary studies identified that only spe-
ific, integrin-mediated cell-adhesion is detectable at the sensor

mailto:J.Elsom@brighton.ac.uk
dx.doi.org/10.1016/j.bios.2007.11.020
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urface. Furthermore, exploitation of this phenomenon revealed
hat the technique was sufficiently sensitive to discriminate
etween various substrates (as crystal surface modifications)
nd their impact on the cell adhesion process (Fredriksson et
l., 1998a,b; Nimeri et al., 1998; Wegener et al., 2001; Cavic
t al., 2001) resulting in the adoption of QCM technology as a
outine tool in the field of biomaterials (Lord et al., 2006), and
icrobial biofilm research (Reipa et al., 2006).
Recent studies have demonstrated that the technique can

etect cellular responses to chemical or biological stimuli as
ediated through alterations in the cells’ cytoskeletal architec-

ure (Zhou et al., 2000; Cans et al., 2001; Marx et al., 2001,
003). These studies highlight the potential to incorporate viable
ells as signal transduction elements in combination with acous-
ic signal detection to investigate dynamic cellular responses to
nvironmental modifications. To date, no studies have exploited
hese sensitive capabilities to investigate the response of oral
eratinocytes to model microparticles that may ultimately be
tilised in oral formulations, under conditions of flow as would
ccur in the oral cavity. Thus, the aims of this study were to
evelop a biosensor that incorporated a viable monolayer of
uman oral keratinocytes in situ on the quartz crystal surface to
nvestigate cellular response to model microparticles, as might
e used in oral healthcare formulations.

. Experimental

.1. Instrumentation

The QCM device was based on a novel surface mounted oscil-
ation circuit with automatic gain control (AGC) designed to
ive extremely high amplitude oscillation with low noise, under
iquid loading (Paul et al., 2001; Pavey et al., 2003). Gold-
oated (100 nm thickness) 10 MHz AT-cut quartz crystals
8.6 mm diameter) were supplied with customised electrode con-
gurations to allow both electrode contacts to be made on the
rystal underside (Spartan Europe, UK). Crystals were mounted
ithin a specially designed flow-cell and connected via flexible

hielded electrodes to the oscillator head unit. Crystal oscillation
ata were recorded at 1 s intervals using a Fluka PM6685 fre-
uency counter, connected via a PCIIa GPIB card to a personal
omputer (PC) running Fluka TimeviewTM data acquisition and
ontrol software. The crystal oscillator and flow cell were housed
n a thermostatically controlled oven set to 37 ± 0.1 ◦C (Denley,
K), and ambient and flow cell temperatures monitored using
5-channel data logging electronic thermometer (PICOlog), K-

ype thermocouples (Radio Spares,UK) and dedicated software
unning on a second PC. Liquid delivery to the crystal surface
2–10 �L/min) was via PEEK® HPLC tubing using a Harvard
yringe driver and glass gas-tight syringes (SGE Europe, UK).
amples were added to this mobile phase via a Rheodyne 9725
BBTM HPLC injection valve fitted with a 20 �L PEEK® injec-

ion loop.
.2. Cell culture

The oral epithelial cell line, H376, derived from a human
quamous cell carcinoma (Prime et al., 1990) was employed

C
f
i
m
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hroughout. Cells were cultured at 37 ◦C and 5% (v/v)
O2 in Dulbecco’s modified Eagle’s medium (DMEM)/Hams
12 nutrient mix with 1 g/L glucose (Sigma–Aldrich, UK)
upplemented with 10% (v/v) heat-inactivated foetal calf
erum, 20 mM l-glutamine, 0.5 �g/mL hydrocortisone (Sigma–
ldrich, UK) and 2500 IU/mL penicillin and streptomycin

Invitrogen, UK). The culture media was exchanged on the first
ay after passage and then every 2 days thereafter. Routine sub-
ulturing of confluent cell layers was performed using standard
rypsinisation (0.05% (w/v)/1.5 mM EDTA) after which the cells
ere seeded into fresh flasks at a density of 3 × 103 cells/cm2.
he cells were maintained in culture for no longer than ten pas-
ages during all experimental work to ensure that the neoplastic
henotype did not change as a result of prolonged passage in
itro.

.3. Preparation of biosensors

Quartz crystals were cleaned by immersion in ethanol,
pin-coated with polystyrene (0.5% w/v in toluene) as previ-
usly described (Fredriksson et al., 1998a) and treated in an
xygen-plasma for 2 min. This was shown to provide a suitably
ydrophilic surface (receding water contact angle of less than 5◦)
esigned to mimic that of tissue culture plastic and thus promote
ell adhesion. Suspensions of H376 cells were prepared from
ear confluent monolayers using standard trypsinisation, 0.05%
w/v) trypsin/1.5 mM EDTA for 10 min at 37 ◦C. Petri dishes
ontaining prepared crystals after their sterilisation by immer-
ion into 70% ethanol were inoculated with cells at a density
f 6 × 103 cells/cm2. Control sensors to investigate frequency
esponses in the absence of cells were prepared by incubating
odified quartz crystals in complete culture medium only.

.4. Biosensor/microsphere interaction assay

DMEM/F12 nutrient mix with 15 mM HEPES (Sigma–
ldrich, UK) was equilibrated overnight at 37 ◦C and 5% (v/v)
O2, syringe filtered (0.2 �m pore, Nunc) into a glass gas-

ight syringe and used as the mobile phase. Biosensors were
emoved from cell culture on day 5 after cell seeding (the time
aken to establish confluent monolayer coverage across the sen-
or surface) and installed within the flow cell. After connection
o the oscillator circuit, the frequency response was monitored
ntil a stable frequency baseline was established for the sensor
nder liquid loaded conditions (flow rate 5 �L/min). Fluorescent
olystyrene microspheres (0.5 �m, Duke Scientific, Brookhaven
nternational, UK) were diluted (0.05%w/v) in media and intro-
uced to the mobile phase via the RheodyneTM injection loop.
he biosensor frequency response to the microspheres was mon-

tored at 1 s intervals for 30 min. For each assay biosensors were
repared in triplicate to allow for comparison of cell viability
etween control sensors and those exposed to shear-wave exci-
ation/serum depletion during the time course of experiments.

ell-free sensors were also used as controls to investigate the

requency response of the system to microsphere interactions
n the absence of viscoelastic contribution from the cellular

onolayer.
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Fig. 1. Characteristic frequency response of a cell-free crystal to additions of
microspheres (arrows indicate the time points at which injections were made).
This demonstrates the frequency binding profile obtained in the absence of the
viscoelastic cell layer and the continued responsiveness of the sensor to repeated
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.5. Cell viability assay

At the conclusion of oscillation experiments biosensors were
emoved from the flow-cell and cell viability evaluated using the
ethod of Simm et al. (1997). Biosensors were incubated with

ropidium iodide (PI) and Hoechst 33342 (20 �g/mL final con-
entration in media) at 37 ◦C and 5% (v/v) CO2 for 5 min. They
ere then examined using a broadband fluorescence filter set
ith excitation and emission wavelengths of λ365 and 397 nm

espectively. Representative micrographs (20 fields) were taken
rom samples and controls (magnification× 320) and the num-
ers of viable, non-viable, apoptotic and necrotic cells were
ecorded using a semi-automated colony counter. These values
ere expressed as percentages of the total cell count and com-
arisons between samples and controls were determined using
NOVA.

.6. Transmission electron microscopy

Cells grown on Thermanox® coverslips (Agar Scientific, UK)
ere fixed in glutaraldehyde (5% v/v in sodium cacodylate
uffer, 0.05 M, pH 7.2) for 1 h at room temperature. The cells
ere then post-fixed in aqueous osmium tetroxide (2% v/v in

odium cacodylate) overnight at 4 ◦C and then rinsed in dis-
illed water and pre-stained in aqueous uranyl acetate (0.5 v/v%)
efore dehydration through a graded alcohol series. Samples
ere embedded in Spurr resin (Agar Scientific, UK) and ultra-

hin sections (100 nm) prepared. Sections were post-stained with
ead citrate and examined using a Phillips CM10 transmission
lectron microscope. Cells were also examined at the conclu-
ion of biosensor experiments following processing after their
emoval from the sensor surface by trypsinisation.

.7. Scanning electron microscopy

Prepared biosensors were incubated with polystyrene micro-
phere suspensions (0.05% w/v) in DMEM/F12 at 37 ◦C and
% (v/v) CO2 for 30 min and then processed for scanning elec-
ron microscopy (SEM) using a modified method of Norton et al.
1995). Samples were fixed in glutaraldehyde (5% v/v in sodium
acodylate buffer, 0.05 M, pH 7.2) for 1 h at room temperature
25 ◦C), washed in cacodylate/HCl buffer (0.05 M, pH 7.2) thrice
nd dehydrated through a graded ethanol series. Finally sensors
ere freeze dried (Christ T, Germany) for 2 h and then sputter

oated with palladium (Polaron, UK) prior to examination using
JEOL 6310 scanning electron microscope at an accelerating

oltage of 5 KeV.

. Results and discussion

.1. Control sensor/microsphere interaction assay

The interaction of microspheres with cell-free sensors served

s a control to investigate frequency responses in the absence of
ny viscoelastic contribution from a cellular monolayer. Fig. 1
hows that each addition of microsphere suspension to the cell-
ree crystal surface resulted in a characteristic, time-dependent

e
c
t

icrosphere additions. Inset: representative photomicrograph of the crystal sur-
ace at the conclusion of experiments to confirm the presence of the microspheres
Magnification× 200).

requency decrease (�fbinding) which lasted for approximately
200 s, followed by a plateau phase (�fplateau), within which
o further significant �f occurred. This trend in decreased �f
as suggestive of possible mass addition at the sensor surface

nd this was supported by fluorescence microscopy that demon-
trated the presence of randomly distributed microspheres on
he sensor surface at the conclusion of experiments (Fig. 1
nset).

The plateau phase in response to each injection indicates that
o further mass addition is being registered at the sensor sur-
ace during the final 600 s of each experiment, which may be
ue to saturation of available binding sites, or that microspheres
vailable for further binding have been eluted from the flow cell.
ig. 1 clearly indicates it is the latter as subsequent injections of
icrospheres do result in further �fbinding with the same crys-

al. The stability of this phase also suggests that a stable binding
nteraction has occurred between the microspheres and the sen-
or surface, as any subsequent microsphere detachment would
ave resulted in a positive �f.

These experiments also served to determine the level of
recision that could be attained using this novel experimen-
al configuration and the extent of microsphere binding to
he cell-free sensor surface in situ. The frequency responses
or three individual crystals in response to each addition are
hown in Table 1. The coefficient of variation for this data was
5.0%, which indicates the level of reproducibility that can be
xpected between crystals in response to a specific volume of
icrospheres. After each injection, a small transient frequency

ncrease was observed at the start of each experiment. This tran-
ient alteration in the baseline occurs at a time point prior to
hich the microsphere suspension is estimated to arrive at the
ow cell based on calculations of flow rate, tubing diameter and

ength.

Thus, despite the inclusion of the Rheodyne valve in this

xperimental system we postulate that the transient frequency
hange be attributed to pressure changes at the introduction of
he microsphere suspension.
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Table 1
Total frequency changes for a 10 MHz crystal with protein thin film to injections of 0.5 �m microspheres

Injection 1 Injection 2 Injection 3 Injection 4 Injection 5 Injection 6 Mean S.D.

� time (s) 1800 1800 1800 1800 1800 1800 1800

� Frequency (Hz)
−19
−19
−14
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Crystal 1 −97.44 −142.28 −286.40
Crystal 2 −193.04 −183.36 −170.49
Crystal 3 −129.88 −134.50 −121.82

.2. Biosensor/microsphere interaction assay

Exposure of cell-coated biosensors to microspheres yielded
considerably more complex response to that seen in the

bsence of the cells (Fig. 2). Arrival of the microspheres
t the biosensor surface initially resulted in a positive fre-
uency response (�fpositive) following each injection reaching
axima, e.g. 35.49, 46.96 and 60.98 Hz respectively. After

eaching a maximum following each injection (at 285, 468
nd 500 s respectively) a significant frequency decrease then
ccurs [−50.06 Hz (810 s), −38.89 Hz (1106 s) and −28.59 Hz
1200 s)] following a similar pattern to that observed during
fbinding with cell-free sensors.
The total frequency response in each case again followed

trend that might imply added mass at the sensor surface. It
s important to note that negative frequency responses have
een attributed to a number of other phenomena occurring at
he sensor substrate interface for example, Cans et al. (2001)
ound negative �fs using their biosensor in response to tem-
erature and pressure changes during solution exchange. In
his study we excluded the generation of these artefacts by
sing temperature-equilibrated microsphere-suspensions and a
heodyneTM injection port with a make before break valve

hat prevents pressure changes being introduced to the flow-
ng mobile phase upon solution exchange. As changes in the
iscosity and density of the liquid above the crystal surface can

lso induce significant frequency shifts (Kanazawa and Gordon,
985) maintaining these solution based parameters through-
ut experiments ensured such factors did not contribute to the
bserved frequency responses. Examination of biosensors at the

ig. 2. Representative trace demonstrating the frequency response of a cell-
oated crystal to three injections of microsphere suspension. Inset: representative
hotomicrograph of the H376 cell-coated sensor surface after exposure to the
icrospheres (Magnification× 200).

o
e
t
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i
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0.86 −183.37 −171.94 −178.72 57.3
1.01 −126.11 −149.09 −168.85 24.2
8.13 −116.58 −94.98 −124.32 16.5

onclusion of experiments using fluorescence microscopy con-
rmed the presence of microspheres on the sensor surface (inset
ig. 2) and therefore that the net negative �f obtained for each

njection can be attributed, in part, to mass addition at the sensor
urface.

Positive frequency responses have been reported previously
sing cellular biosensors as a consequence of stimulated vesicle
xocytosis after cell membrane stimulation (Cans et al., 2001),
s a response to cytosolic viscosity changes mediated by alter-
tions in cytoskeletal rigidity (Marxer et al., 2003a) and as a
esult of non-proteolytic induced cell-detachment from the sen-
or surface (Marx et al., 2005). In this study the Hoechst/PI
ssay confirmed that �fpositive could not be attributed to cell-
etachment from the sensor during experiments as no significant
ifference in cell number (viable, apoptotic or necrotic) between
ells exposed to microspheres in situ in the QCM flow cell
nd matched biosensor controls in culture were observed (see
ig. 3). These results also confirm that quartz sensor shear-
scillation and serum-depletion of the media mobile phase are
ot detrimental to the cells during experiments, which have
een identified as fundamental parameters in this type of exper-
ment (Edvardsson et al., 2005; Simm et al., 1997). Osmolaric
ffects can also be excluded as a possible cause for �fpositive as
oth the mobile phase and the media-suspended microspheres
ad similar osmolarities when measured using depression point
reezing (305:310 mOsmol/kg respectively). As �fpositive is not

bserved with cell-free sensors investigated using the same
xperimental design, cell-membrane stimulation and cytoskele-
al alterations seem potential candidates for the frequency
pshift.

ig. 3. H376 cells stained with the vital dyes Hoechst 33342 and propid-
um iodide after incubation with microspheres in situ in the QCM flow cell
Magnification× 320).
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Importantly positive frequency shifts have also been observed
hen the stiffness of epithelial cells attached to quartz crystals

ncreases, as indicated by concomitant changes in oscillation
mplitude and transient delay time constant (Marxer et al.,
003b). The contribution of cytoskeletal intermediate filaments
o cell stiffening is well recognised (Wang and Stamenovic,
000) and can be affected by cytoskeletal-linked, receptor acti-
ation which significantly affects geometric changes in the
ytoskeleton (Huang et al., 2005). Disruption of the actin
icrofilament system (one of the three microfilament systems

esponsible for cytoskeletal architecture) of bovine endothelial
ells has also been shown to directly affect frequency response
hen studied in situ on a QCM (Marx et al., 2001). These

uthors suggested that the reported frequency decrease was
ue to increased cell rounding and ‘a less-spread morphology’
esulting in decreased interaction of the cell-basolateral mem-
rane with the sensor surface. Mammalian cell cytoskeletons
re responsible for maintaining cell shape, and dynamic cellu-
ar processes such as cell migration and endocytosis via active
emodelling of the motor proteins responsible (Möller et al.,
002). These studies highlight the role of cytoskeletal alteration
n mediating frequency responses when cells are incorporated as
art of the system sensing design. It is therefore possible that cell
embrane stimulation and/or cytoskeletal alteration induced by
icrosphere binding may result in the �fpositive observed in this

tudy.
To further investigate the H376 cell response to microsphere

nteractions SEM studies were performed. These revealed close
ssociation of microspheres with cell peripheries (Fig. 4) and
he apical membrane surface, but more importantly some micro-
pheres of less defined outline consistent with their positioning
n a different focal plane (Fig. 5). The proximity of these ‘un-
ocussed’ microspheres to the focussed, combined with the
niformly focussed underlying substrate indicates the possibility
hat some microspheres are located beneath the plasma mem-

rane. Uptake of polystyrene microspheres by epithelial cells
as been reported previously (Innes and Ogden, 1999; Hall et
l., 2000; Zauner et al., 2001), and although not a commonly
scribed function for such cell types may reflect their innate

ig. 4. Single H376 cell with surface bound polystyrene microspheres
Magnification× 5,500).

i
1
T

F
s

ith 0.5 �m microspheres that illustrate binding to the apical cell membrane (1)
nd those that are occluded by the cell membrane (2) Magnification× 6000.

bility to internalise material from the interstitial environment.
ross sectional TEM analysis confirmed that the H376 cells
ere internalising the microspheres (Fig. 6). Examination of
ltrathin sections of H376 cells after microsphere exposure for
h at 37 ◦C demonstrated the presence of numerous intracellu-

ar microspheres (some with evidence of vesicular membranes)
n all the cells examined providing clear evidence that some
nternalisation process had occurred as a result of membrane
timulation by the microspheres. This was also indicated by
ltered surface topography which showed increased membrane
ruffling’ with timed incubations of microsphere–cell monolayer
nteractions studied using TEM revealing that this uptake pro-
ess was initiated at 10 min and maintained until the conclusion
f experiments.

Internalisation of the microspheres indicates that active
ytoskeletal re-modelling must occur during the time-course of
he QCM experiments as these processes are well documented

n the role they play in cellular uptake (Swanson and Watts,
995; Da Costa et al., 2003; Eitzen, 2003; Nabi and Le, 2003).
his also supports findings by Steinem et al., 1997; Cans et al.,

ig. 6. TEM micrograph of a single H376 cell after incubation with micro-
pheres for 1 h prior to fixation (Magnification× 2750).
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001; Marx et al., 2001; Marxer et al., 2003b and adds weight to
he postulation that altered cellular rigidity through remodelling
f the H376 cytoskeleton gives rise to the unique frequency
esponses reported here.

As the use of inhibitors to arrest epithelial and endothelial
ytoskeletons in situ on a QCM have themselves been shown to
nduce frequency shifts (Steinem et al., 1997; Marx et al., 2001)
t was impossible to investigate the response of the H376 cells to

icrospheres after inhibition of their uptake machinery in situ.
owever, static experiments of H376 cell–microsphere interac-

ions after cytochalasin treatment (unpublished data) using TEM
emonstrate an absence of microsphere uptake in the presence
f actin disruption which further supports the hypothesis that
ytoskeletal alterations and cellular uptake by the H376 cells is
esponsible for the unique frequency response observed in this
tudy.

. Conclusions

This study highlights the ability of the QCM technique to
ollow the responses of viable human oral epithelial cells to
icrospheres in a dynamic and non-invasive way. The frequency

rofiles recorded indicate a general response from a population
f cells which in conjunction with microscopic evidence high-
ights the ability of the technique to follow mass addition to
he biosensor as indicated by the reduction in frequency base-
ine at the end of each experiment in real-time. Furthermore
he sensitivity of this technique allows insight into the com-
lex responsiveness of the cells to changes in their environment
s evidenced by the unique frequency profiles generated here.
t also offers significant advantages in that it can be used to
ollow cell responses under conditions of fluid flow, as would
ccur in the oral cavity. Equally it could be applied to inves-
igate interactions of microparticles with a variety of surface

odifications to generate optimal response profiles and thus
otentially applied to high throughput screening. Future work to
e-convolute the responses obtained and investigate the effect
f dissipative forces during such interactions is imperative as
he ability of the technique to follow endocytic processes would
e especially valuable to a wide range of fields in cell biol-
gy and as such could also be applied to basic cell-research
tudies.
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