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The  behavior  of  giant  lipid vesicles  (GUVs)  interacting  with  an adhesive  surface coated  with  poly-l-lysine
is  investigated  by  a biosensor  based  on total  internal  reflection  imaging  ellipsometry  (TIRIE).  The  adhesion
of  GUVs  on  the  adhesive  surface  is  regulated  by the  concentration  of  the  poly-l-lysine  coating,  the pH
of  the  vesicle  suspension,  and  the  flow  rate  of  the suspending  fluid.  The  TIRIE  biosensor  detects  very
clearly  and  sensitively  GUV  adsorption,  flattening,  rupture,  and  de-adhesion,  all  these  behaviors  being
eywords:
iant lipid vesicles (GUVs)
esicles adhesion
on-specific adhesion
otal internal reflection imaging
llipsometry (TIRIE)
iosensor

independently  observed  by phase  contrast  microscopy.  These  results  show  that  the  setting  of  the  TIRIE
biosensor,  optimized  for  molecular  sensing  can  be extended  to  GUV  sensing.  This  work  paves  the way
to  develop  a new  sensitive  high-throughput,  low-consumption  and  low-cost  biosensor  technology  for
micron-size  objects  such  as  cells,  capsules  and liposomes.

© 2013 Elsevier B.V. All rights reserved.
. Introduction

Worldwide, cell biosensors are the focus of considerable and
ncreasing interest in biomedical research, environmental detec-
ion, etc. [1] since individual cells are increasingly regarded as the
asic unit of our understanding of biology and are often key markers
or clinical applications. By comparison with conventional methods
2] such as chromatographic, spectroscopic, atomic absorption and
mmunoassay techniques used for cell detection and characteriza-
ion of their behavior, cell biosensors are accurate and sensitive low
ost devices. They are easy to implement and provide fast responses
3]. Label-free and non-invasive biosensors such as acoustic [4],
lectrical [5] and optical biosensors offer generic, integrated and
ynamic information on cell adhesion. Label-free optical biosen-
ors are increasingly used to study cell adhesion, spreading and
e-adhesion at surfaces partly because of their fast response, their
bsence of electromagnetic interference and their high sensitivity
6]. So far, they are based on the propagation of a surface-bound
lectromagnetic wave, which is achieved on thin metal films using
ight excited surface plasmon resonance (SPR) [7] or on dielec-

ric substrates using diffraction grating coupled waveguide mode
esonances (RWG) [8,9]. Like SPR and RWG, optical biosensors
ased on ellipsometry [10] have the advantage to provide time and

∗ Corresponding author.
E-mail addresses: annie.viallat@inserm.fr (A. Viallat), gajin@imech.ac.cn (G. Jin).

925-4005/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.snb.2013.08.044
spatial resolution when conventional photodetectors are replaced
with CCD cameras. Optical imaging ellipsometry offers real-time
monitoring of binding events with a lateral resolution limited to
a couple of micrometers. It is used to probe biomolecular interac-
tions at solid–liquid interfaces and has demonstrated its capacity
to characterize DNA and protein microarrays, to detect tumor and
hepatitis markers, antibody screening or virus recognition [11],
or to monitor lipid phase separation in a supported lipid bilayer
[12]. Total internal reflection imaging ellipsometry (TIRIE) was
found to be more sensitive than other reflectivity related meth-
ods in measuring the interaction between bio-molecules [13]. Very
recently, surface-enhanced ellipsometric contrast (SEEC) imaging
[14], which uses substrates made of specifically designed multiple
dielectric layers to enhance the contrast by a factor 100 in compar-
ison with conventional bright field, successfully resolved binding
kinetics of an antibody to phase-separated lipid bilayers [15]. How-
ever, up to now, optical ellipsometry biosensors have focused on
bio-molecular recognition by their specific binding to molecules
located on the substrate (either immobilized or embedded in a solid
supported lipid bilayer) and not on adhesion or spreading of objects
of size of about ten microns as cells.

The aim of this paper is to show that TIRIE biosensor can be
used for cell sensing to detect and measure adhesive states of cells

and micron-size capsules. This biosensor is developed for over ten
years [16]. It has been thoroughly described in Ref. [17] and is illus-
trated in Fig. 1. It is based on imaging ellipsometry performed in
a total internal reflection mode combined with a 24 independent

dx.doi.org/10.1016/j.snb.2013.08.044
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2013.08.044&domain=pdf
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Fig. 2. Vesicles after sedimentation in a channel of the micro-fluidic reactor on the
TIRIE biosensor. Possible shapes: (t1) spherical shape, no adhesion; (t2) truncated
shape, weak adhesion; (t3) hemisphere, strong adhesion; (t4) aggregates of lipids
after vesicle burst; (t5) some small fragments. The probe light beam from the light
source transmits into the glass ambient (prism), penetrates the interface of the ambi-
ent and the sensing layer, and then transmits into the sensing layer until it reflects
from the sensing surface. An evanescent wave appears at the sensing surface and
propagates into the vesicle solution whereas the incident light reflects from the
sensing surface. The shape modification on the sensing surface can be detected by

experiments. Vesicles are gently injected into the observation
Fig. 1. Schematic of the TIRIE biosensor.

hannel microfluidic reactor array to implement real-time microar-
ay visualization for high throughput analysis.

In TIRIE biosensor, the probe light is an evanescent wave created
n the gold surface, which propagates vertically in the sample solu-
ion within a very limited thickness of a few hundreds nanometers.
he bottom part of vesicles, located in the propagation zone of the
vanescent wave, is detected by the probe.

The data acquisition used for the biosensor sampling is the
maging ellipsometry performed in the mode of Null and Off-null
llipsometry. The biosensor signal is the intensity change detected
n the CCD camera, due to the change of polarization of the reflected
ight beam on the substrate modified by the presence of adhered
esicles. The pixel size in the image of the detected sample is larger
han the size of single vesicles, so the intensity change per pixel
s an average signal. The total signal is proportional to the amount
f vesicles adhered on the substrate.It is noteworthy that in the
iosensor detection, the knowledge of the absolute values of the
efractive index and of the thickness of the lipid bilayer of the
esicles is not necessary.

We  propose a first case study, based on the non-specific adhe-
ive interaction of giant lipid vesicles (GUVs) [18] with a substrate
oated with a charged polymer, namely poly-l-lysine. The adhe-
ion between a GUV and a surface has been extensively studied
n the last twenty years [19–23]. An easy way to modulate the
dhesive interaction between a lipid bilayer and a substrate is to
se non-specific electrostatic interaction. Zwitterionic lipids inter-
ct with positively charged polymers coated on the substrate.
ere the substrates are coated by incubation of a solution of pos-

tively charged poly-l-lysine. In this work, vesicle adhesion and
e-adhesion phenomena are visualized by TIRIE biosensor and con-
rolled by phase contrast microscopy. We  manage to detect various
tates presented by adhesive GUVs: pure settling, weak adhesion
nd de-adhesion, strong adhesion and membrane rupture.

. Experiments

.1. Materials and methods

All products are purchased from Sigma except 1-(3-
imethylaminopropyl)-3-ethylcarbodimide hydrochloride (EDC)
nd N-hydroxy-droxysuccinimid-e (NHS), which are purchased
rom ACROS. 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
esicles are prepared by the standard electro formation method
t 10 Hz and 1.5 V [24,25]. They are filled with a sucrose solution
f concentration 0.315 mol/L and are suspended in a glucose

olution of concentration 0.315 mol/L to ensure iso-osmolarity in
he vesicles and the suspension.
the evanescent wave. The interaction between vesicles and the sensing surface is
detected by the reflected light.

2.2. TIRIE biosensor

The TIRIE biosensor uses an expanded light beam at 633 nm
wavelength as a light source and images with a CCD camera, pixel
size of 13 × 13 �m2. The incident light beam goes through the polar-
izer, the compensator and the 59◦ prism where the evanescent
wave is used as optical probe to detect the bottom of the vesicles
adhered onto the substrate. The incident light beam is reflected at
the interface between the substrate and the tested solution and
then passes through an analyzer and is focused on a sensing area
of the charge coupled device (CCD) camera. The polarization axis
of the light reflected in absence of vesicles is set in the Null ellip-
sometry condition (perpendicular to the analyzer corresponding
to an absolute minimum of light flux detected at the CCD cam-
era). The biosensor signal is the intensity change detected on the
CCD camera, due to the change of polarization of the reflected light
beam induced by the presence of vesicles adhered on the substrate.
The image signal is recorded in 16 bit (0–65,536) grayscale format.
As a sensing surface, a gold layer of 30 nm thick on a glass slice
optically coupled with a glass prism touches the tested solution.
Each sensing micro-channel of the micro-fluidic reactor array sys-
tem visualized by the TIRIE biosensor is about 1 × 3 mm2 in area
and 150 �m in height. The flow into the micro-channels is driven
by a peristaltic pump with 3 × 8 channels (ISMATEC) [26]. Vesicles
are slowly transported to the sensing micro-channels of the micro-
fluidic reactor array system. A sensing micro-channel is a chamber
composed of Polydimethylsiloxane (PDMS) and a gold surface cov-
ered by a poly-l-lysine layer where vesicles are let to sediment
and interact with the substrate (see Fig. 2). The vesicle behavior is
analyzed in real-time.

2.3. Optical microscopy

Small observation chambers are made to observe the behav-
ior of vesicles on the gold surface covered with poly-l-lysine. The
same substrates used for TIRIE experiments are used for microscopy
chamber, let to sediment for 5 min  and then observed by phase
contrast microscopy. Pictures are taken with an Andor camera using
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Fig. 3. Vesicle adhesion on poly-l-lysine modified surfaces detected by TIRIE biosensor. Fig. 3(a)–(c) correspond to pH 3.1, 7 and 10, respectively. The gold surface is coated
with  poly-l-lysine with solution concentrations at c0 (curves B) or c0/100 (curves A). Fig. 3(d) Non-specific adhesion of vesicles on a gold surface modified with poly-l-lysine
(c0/100) with pH 3.1, 7 and 10. The vesicle solution is injected from t0 = 180 s to t1 = 240 s; vesicles are then let sediment until t2 = 880 s; final rinsing is performed for 5 min
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ntil  t3 = 1390 s. Fig. 1(e) shows a typical microarray image obtained by TIRIE in eac
f  vesicles on a gold surface modified with poly-l (c0/100) at pH = 3.1, 7 and 10, re
hich  is imaged in 13 × 13 pixels.

 phase contrast objective x20 on an ECLIPSE Ti-U Nikon inverted
icroscope.

.4. Experimental procedure

A solution of NHS and EDC is injected into the channel to acti-
ate the gold surface (Step 1 in Fig. 3(a)–(c)). After extensive rinsing
ith water, the poly-l-lysine solution (concentration c0 = 1 mg/mL

r 1:100 dilution c0/100) is injected into the channels and let to
ncubate for 5 min  (Step 3 in Fig. 3(a)–(c)). After water rinsing, a
ayer of poly-l-lysine is adsorbed onto the gold surface. As clearly
een in Fig. 3(a)–(c) step 3, the intensity of the TIRIE biosensor sig-
al of the poly-l-lysine adsorption at concentration c0 is higher
han that in the case of adsorption at c0/100. Then a glucose solu-
ion (concentration of 0.3 mol/L and pH at 3.1, 7 or 10) is injected
nto the channel to calibrate the TIRIE signal before the vesicles are
ntroduced (Step 5 in Fig. 3(a)–(c)). The vesicle suspension solu-
ion (initial vesicle suspension diluted 5 times in glucose solution)
s then injected at a flow rate of 5 �L/min for 600 s (Step 6 in
ig. 3(a)–(c)). The vesicles diluted in glucose solution slowly set-
le on the bottom of the micro-channel since they are filled with a
ucrose solution, which is denser than the glucose solution. Then
hey would adhere on the substrate. Rinsing with glucose solution
s subsequently performed.

.5. Contribution to the TIRIE signal induced by the adhesion of a
esicle
The size of the vesicles is much larger than the propaga-
ion depth of the evanescent wave. The TIRIE signal due to the
dhesion of a vesicle therefore results from the propagation of the
e four channels of the experiment. Channel 1, 2, 3: signal of non-specific adhesion
ively; Channel 4 is the control. The sensing surface size of each unit is 1 × 3 mm2,

evanescent wave first across the lipid bilayer and then within the
internal glucose solution of the vesicle. All adhering vesicles of sim-
ilar size contribute identically to the TIRIE signal since all vesicles
have identical lipid membrane and identical internal solution. The
average size of a vesicle is about 10 �m and is smaller than the
pixel size (13 × 13 �m2) of image by CCD camera. The detail of the
adhesion area of a vesicle is therefore not imaged by the camera,
which detects an average intensity of the vesicle image. Single vesi-
cle adhesion is detected in average by a change of the intensity
of a pixel of the camera. The light intensity received by the cam-
era increases linearly with the number of vesicles adhered on the
substrate.

3. Results

We use poly-l-lysine coating on the surface of the substrate to
create and modulate adhesive interactions between the surface of
the substrate and the vesicles. Poly-l-lysine is a linear polypeptide.
It is a weak polyelectrolyte (only partially charged at moderate
pH near its pK of 9.36), which interacts with lipids through NH3+

groups. The pH and the ionic strength environments greatly influ-
ence poly-l-lysine dissociation, and, consequently the electrostatic
interaction between the lipid membrane of the vesicles and the
coated substrate [27]. Two concentrations of poly-l-lysine solu-
tions are used to coat the gold surface of the substrates, c0 = 1 mg/ml
and 1:100 dilution c0/100, referred hereafter as c0 and c0/100,
respectively. The vesicle adhesion is studied under three different

pH conditions of the suspending glucose solution, pH = 3.1, 7 and
10. When the pH increases, the degree of dissociation of the surface
functional groups of poly-l-lysine decreases and the interaction
with the lipid membrane of vesicles weakens. This allows to
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Table 1
Sequences of the kinetics of vesicles adhesion and breakage on the poly-l-lysine modified surface in a given region observed by phase contrast microscopy at pH 3.1, 7 and 10,
respectively. The top and bottom sequences are obtained on surfaces c0 and c0/100, respectively. The four pictures in sequences are obtained in a time sequence of t0 = 180 s
(only  the largest vesicles have settled down); t1 = 240 s (most vesicles have settled down); t2 = 880 s (starting of the rinsing process with a glucose solution) and t3 = 1390 s
(end  of the 5 min rinsing stage).
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odulate the substrate/vesicle interaction and to induce three
ehaviors of reference for the vesicles: very strong interaction at

ow pH with immediate spreading of the vesicles on the surface
ollowed by the rupture of their membrane, strong adhesion at

oderate or high pH and high poly-l-lysine concentration, and
eak adhesion at moderate or high pH and low poly-l-lysine

oncentration.
These three behaviors are first highlighted by direct observa-

ion using phase contrast microscopy under various conditions
egarding poly-l-lysine concentration and pH of the vesicle sus-
ension: membrane rupture, strong adhesion and weak adhesion.
hen, the TIRIE signals obtained by the vesicles in the same con-
itions of poly-l-lysine concentration and pH are studied, and the
esults show that the TIRIE biosensor can sensitively discriminate
he three behaviors of reference.
.1. Direct observation of vesicle adhesion

The initial time of observation is set as t = 0 s, the vesicle sus-
ension is gently introduced into the observation chamber and the
vesicles slowly sediment until t = 240 s. They are visualized while
being settled on the substrate. At pH = 3, the membrane of most
vesicles break within 10 min  after sedimentation and the vesicles
totally disappear. The remaining vesicles break during 5 min  in the
gentle rinsing stage, regardless the c0 or c0/100 substrate. Only
very small ones (diameter ≈1 �m)  do not break. This behavior dis-
closes a very strong attractive interaction between the vesicles and
the substrate, which leads to an increase of their membrane ten-
sion during their spreading on the surface and ends in membrane
lysis. Under pH 7 and 10 and with the c0 surface, most vesicles
do not break at the contact with the substrate. However, the sud-
den breakage of some vesicles is observed during the rinsing stage
(see arrows in Table 1), which reveals that vesicles are strongly
adhered on the surface. A small force induced by a shear flow is
sufficient to increase the membrane tension, leading to its lysis.
However, most vesicles are intact, with a good light contrast with

the suspending solution. This shows that the membrane has been
preserved and no large pores have been opened. Vesicles in contact
with c0/100 are even more stable. They do not break within 20 min
after introduction into the observation chamber, even when being
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sorobservations and analysis are confirmed by phase microscopy
observations. However, TIRIE biosensor has the advantage of
dealing with a statistical assembly of vesicles. For instance it clearly

Fig. 5. Effect of the shear flow on the de-adhesion process of vesicles at pH10 and
a  poly-l-lysine modified gold surface with concentration of c0/100 for two  sim-
ilar experiments curve a and b. The curve c is a reference (no vesicle injection).
Step 1—Calibration of the TIRIE signal; step 2—adhesion process; step 3—rinsing by
L. Liu et al. / Sensors and A

ently rinsed. One can notice that some additional vesicles appear
ith time due to the long process of sedimentation throughout

he whole microscopic chamber. Moreover, these vesicles are not
emoved by the small shear flow occurring during the very gentle
nal rinsing, which shows that the vesicles are not just settled on
he surface but really adhere to it. This is the weak adhesion state.

.2. TIRIE biosensor results

Experiments similar to the previous ones have been performed
sing the TIRIE biosensor with identically treated substrates and
he same vesicle solutions. Typical signals obtained by the TIRIE
iosensor are shown in Fig. 3(a)–(c) for the two substrates of c0
nd c0/100 and for three pH conditions, 3.1, 7 and 10. A detailed
nalysis of the signal unambiguously discriminates the different
esicle behaviors. Under pH = 3, the fast increase of the intensity of
he signal is moderate and the further slow increase during sed-
mentation is very limited. The intensity of the signal decreases
s rinsing proceeds. And it returns to its initial value before intro-
uction of vesicles. The process shows that no more vesicles are
resent on the surface. This change of behavior is interpreted as
ollows. The first fast increase of the intensity of the signal is asso-
iated with the flow of vesicles that arrive and break on the treated
urface. The signal is mainly due to the presence of lipids fragments
n the suspension that result from the membrane breakage. When
he flow is stopped, the vesicles, which are still in solution, start to
ediment and break on the surface. The process leads to a slow and
ery limited increase of the signal intensity before their stabiliza-
ion (when stabilized, all vesicles are broken). The lipid fragments
re washed away during the rinsing stage and the signal returns to
ts initial value.

Under pH 7 and 10 the increase of the signal intensity during
tage 6 is very strong. It is due to intact vesicles that progressively
dhere on the substrate and to lipid fragments resulting from those
esicles that break upon strong adhesion or are destroyed during
heir travel in the micro-fluidic channels of the TIRIE biosensor.
he increase of the signal intensity observed when the flow rate is
topped is due to both the sedimentation of vesicles still in solu-
ion at the end of the introduction stage and the change of vesicle
hapes that occurs when adhesion is strong. The maximum sig-
al intensity observed for c0/100 is always more intense than that

or c0. The maximum value (2.165 × 104 grayscale) is observed for
H = 10. This can be understood by considering that more vesicles
emain intact on c0/100 than on c0 and the contribution to the sig-
al of an intact adhered vesicle is stronger than that due to the
ame quantity of lipids aggregated in small fragments. During the
nal washing stage, the intensity of the signal decreases (the lipid

ragments of broken vesicles are washed away) but does not return
o its initial value. The final signal is directly related to the amount
f adhered vesicles. The most intense final signal is observed for
0/100 at pH = 10, in agreement with microscopic observations.

The effect of pH on vesicle adhesion is more specifically illus-
rated in Fig. 3(d) on c0/100, based on 3 experiments performed
n a vesicle suspension where the pH has been adjusted to 3.1, 7
nd 10, respectively. One clearly sees that the maximum intensity
f the signal increases with the pH, due to a larger concentration
f intact adhered vesicles. During the last rinsing stage, strongly
dhered vesicles remain on the surface in the channel, and only
mall lipid fragments are removed. Logically, the signal observed
t high pH does not change whereas the signal observed at the low-
st pH decreases drastically and returns to its initial value, showing
hat no more on the surface.
A high value of the maximum signal intensity (Imax) indicates the
resence of intact vesicles. The final (Ifinal) signal represents intact
dhered vesicles and the difference between maximum (Imax) and
nal (Ifinal) signal intensities is the contribution to the signal of the
Fig. 4. Variation of the percentage of intact adhered vesicles versus the pH.

lipid fragments deposited on the substrate originated from vesicles
that have broken. Let’s call Ifragments, the total intensity of the signal
when all vesicles are destroyed (maximum intensity for pH = 3)
before removal by washing. As the signal of the TIRIE biosensor
varies linearly with the amount of lipid fragments scattered on the
surface, the ratio (Imax − Ifinal)/Ifragments represents the fraction of
broken vesicles. The variation of the fraction of intact adhered vesi-
cles, 1 −(Imax − Ifinal)/Ifragments is plotted in Fig. 4 versus the pH and
the nature of the surface, which demonstrates that TIRIE biosen-
glucose solution with flow rate 5 �L/min for 5 min (t1 interval); step 4—flow rate
10 �L/min for 5 min (t2 interval); step 5—flow rate 30 �L/min and step 6—flow rate
30  �L/min (total duration 8 min, interval t3). The photos represent a spatial region
where a vesicle, which is first adhered on the surface, is unbound and washed away
by  the flow.
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hows that the c0/100 surface is less attractive than the c0 one even
t pH = 10, but induces a real adhesion state since only a very small
mount of material is washed away during the final rinsing stage.

Finally, in order to investigate the strength of vesicle adhesion
nd the de-adhesion processes, the flow rate was varied during the
nal rinsing stage. We use three successive rinsing flow rates: 5, 10
nd 30 �L/min. Experiments are performed under pH = 10 and on
he c0/100 surface. The real-time process of vesicles adhesion and
e-adhesion is shown in Fig. 5. The rinsing flow rate is progressively

ncreased. The same experiment is reproduced in a small chamber
sing the microscope where a typical adhered vesicle is observed.
uring the first rinsing stage at 5 �L/min only a small fraction of
aterial is removed (lipid fragments or a very small population of

on-adhered vesicles), even if the flow rate increase to 10 �L/min.
t is necessary to increase the flow rate to 30 �L/min to detach the

ost strongly adhered vesicles. The two experiments are remark-
bly reproducible. At the end of rinsing, the intensity of the signal is
imilar to the initial signal before vesicle introduction: all vesicles
ave been unbound and removed by the flow.

. Conclusion

In this article, GUVs were used to study the TIRIE biosen-
or response to various cases of strong interaction, strong and
eak adhesion and de-adhesion of micron-size vesicles on a

urface treated to modulate the vesicle-surface interaction. Adjust-
ent of the pH in the vesicle suspension enabled to modulate

esicle–substrate interactions. The maximum signal intensity of
he biosensor is relevant to determine the integrity of GUVs and the
ifference between maximum and final signal intensity obtained
fter gentle rinsing is an accurate measurement of the fraction of
ntact objects adhering on the surface. The TIRIE biosensor is suit-
ble to determine the flow-rate threshold of vesicle unbinding from
he substrate. We  believe that the results obtained on GUVs will be
alid for sensing other systems like living cells, solid particles or
apsules used for drug delivery or by cosmetics industry.
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