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Mechanical properties of single living cells encapsulated
in polyelectrolyte matrixes
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Abstract

We have studied the mechanical properties of encapsulated Saccharomyces cerevisiae yeast cells by performing AFM force
measurements. Single living cells have been coated through the alternate deposition of oppositely charged polyelectrolyte layers
and mechanically trapped into a porous membrane. Coated and uncoated cells in presence/absence of bud scars, i.e. scars resulting
from previous budding events, have been investigated. No significant differences between encapsulated and bare cells could be
inferred from AFM topographs. On the other hand, investigation on the system elasticity through the acquisition and analysis of
force curves allowed us to put in evidence the differences in the mechanical properties between the hybrid cell/polyelectrolyte
system and the uncoated cells. Analysis of the curves contact region indicates that the polyelectrolyte coating increases the system
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igidity. Quantitative evaluation of the cell rigidity through the Hertz–Sneddon model showed that coated cells are characterized
y a Young’s modulus higher than the value obtained for uncoated cells and similar to the value observed on the bud scar region
f uncoated cells.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Within the framework of new material research
arge interest is currently focussed on the design of
ybrid cell/polyelectrolyte systems. The encapsulation
f cells, single or in clusters, has potential impact in
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the biomedical field. The range of applications goes
from suppression or reduction of the immunological
response to transplants to the in situ targeting of encap-
sulated bioreactors for local drug production and deliv-
ery.

Several techniques have been exploited to produce
cell coatings, from the use of alginates to prevent
immune response in the transplant of pancreatic islets
(e.g. de Vos et al., 2003) to the polyelectrolyte coating
through layer-by-layer (L-by-L) deposition on living
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single yeast cells or fungi (Diaspro et al., 2002; Krol
et al., 2004). Firstly reported in 1997 (Decher, 1997)
for the preparation of planar multilayers, the L-by-L
technique has been successfully exploited for build-
ing up multilayer capsules on colloids (Sukhorukov
et al., 1998). The method is based on the alternating
deposition of oppositely charged polyelectrolytes onto
charged cores: with or without subsequent core removal
it ends up with empty or filled multilayer shells (Donath
et al., 1998; Sukhorukov et al., 1998; Gao et al., 2000),
with applications from pharmaceutics to cosmetics, and
from food industry to cultural heritage conservation.

We focus here on the mechanical properties of
encapsulated single living yeast cells to investigate
how the coating can be used to tailor the system elas-
tic properties. The coating is expected to increase the
rigidity, thus leading to a hybrid system best suited to
resist shear stress or other unfavourable environmental
conditions. Moreover, investigations on the mechani-
cal properties of the hybrid system could give better
insight in the mechanism, which allows the cell to
break the polyion capsule during duplication (Diaspro
et al., 2002). To get information on the mechanical
properties of coated cells, we performed force mea-
surements using the atomic force microscope (AFM).
Based on the measure of the local interaction between
a sharp probe, placed at the apex of a cantilever, and
the sample surface, AFM is a well-suited tool for the
study of the morphology as well as the elastic proper-
ties of biological samples. Thanks to the possibility of
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cells (Matzke et al., 2001). Mapping of the local elas-
ticity of microbial cells has put in evidence stiffening
of the cell wall in the bud scar region (Touhami et al.,
2003).

As cellular system we used Saccharomyces cere-
visiae culture stock, the common baker’s yeast. It has
been previously shown that the layer-by-layer tech-
nique can be successfully employed to encapsulate
single S. cerevisiae cells which preserve their metabolic
activity and duplication capability after encapsulation
(Diaspro et al., 2002). Through the acquisition and
analysis of force curves with the AFM we investigate
the influence of the polyelectrolyte matrix on the yeast
cell rigidity. The change in mechanical properties due
to the coating is discussed and compared to the increase
in cell rigidity related to duplication.

2. Materials and methods

2.1. Materials

S. cerevisiae cells from common baker’s yeast
were used as cellular system. They were coated by
the alternate deposition of polycations and polyan-
ions. For encapsulation, poly(styrene sulfonate sodium
salt) (PSS, MW 70,000 Da, Aldrich, Milan, Italy) and
poly(allylamine hydrochloride) (PAH, MW 15,000 Da,
Aldrich, Milan, Italy) were dissolved in 0.5 M NaCl to a
concentration of 2 mg/ml. Each PE layer was adsorbed
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orking in liquid, i.e. in almost physiological condi-
ions, AFM has been successfully used to image living
ells (Henderson, 1994; Shao and Yang, 1995; Dufrêne,
004). Additionally, AFM can be used to measure or
pply small forces, enabling the study of cell mechani-
al properties (Radmacher, 1997). By approaching and
etracting the AFM tip from the sample, it is possible
o record a force versus distance curve, i.e. a plot of
he cantilever deflection (from which the tip–sample
orce can be obtained) versus the piezo displacement
from which the tip–sample distance can be calcu-
ated) (Cappella and Dietler, 1999). The acquisition of

atrixes of curves on different locations over a chosen
ample area enables the mapping of the local mechan-
cal properties (Heinz and Hoh, 1999). AFM has been
uccessfully used to measure cellular nanomechanical
otion due to cell metabolism (Pelling et al., 2004) and

o follow furrow stiffening during division of adherent
y incubating the cells in the proper PE solution for
0 min; each adsorption step was followed by two
ashing steps in 0.5 M NaCl solution (centrifugation

t 2000 rpm for 3 min) to remove the polyelectrolyte in
xcess. Four polyelectrolyte (PE) layers were assem-
led onto the cells.

.2. AFM measurements

For reliable AFM measurements cells have to be
nchored to a substrate; in this study mechanical trap-
ing in a microporous membrane was used to immo-
ilize encapsulated and uncoated cells in liquid (Kasas
nd Ikai, 1995). A suspension of cells was filtered
hrough a polycarbonate membrane (Millipore, Milan,
taly) with pore size of∼5 �m close to the cell size (typ-
cal diameter 5–6 �m). Contact mode AFM images and
orce–distance curves were obtained at room temper-
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ature, using a PicoForce/Nanoscope IV system (Digi-
tal Instruments, Santa Barbara, CA, USA) and Si3N4
cantilevers (DNP from Veeco; nominal spring con-
stant of 0.06 N/m and nominal tip radius of 20–60 nm).
For each cantilever, the spring constant was measured
by the thermal noise method (Hutter and Bechhoefer,
1993) while the curvature radius of the tip was eval-
uated by using a silicon calibration grating with high
aspect ratio spikes (TGT01, NT-MDT, Moscow, Rus-
sia). Mica was used as a rigid surface to calibrate
photodetector sensitivity. All measurements were per-
formed in 0.5 M NaCl solution. Force curves were
recorded at a rate of 0.5 �m/s, with typical piezo dis-
placements ranging from 600 nm to 1 �m. Force curves
matrixes were obtained by the acquisition of an ensem-
ble of curves (at least 50) on different locations regu-
larly distributed over a chosen area of the cell surface.
The analysis of the experimental curves was performed
by using home made software developed in Fortran.
Young’s modulus values were obtained by the analysis
of the contact region through the Hertz–Sneddon model
(see Appendix A). The mean values of the Young’s
modulus were calculated as the average, weighted over
the number of measurements, of the data obtained
by the analysis of 230 curves from four independent
experiments (coated cells), 209 curves from three inde-
pendent experiments (uncoated cells without bud scar)
and 250 curves from one experiment (uncoated cells
with bud scar). Considering the mean values obtained
on different cells, typical maximum relative deviations
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Fig. 1. 3D rendered AFM height image of an encapsulated
cell trapped in a pore of a polycarbonate membrane in liquid
([NaCl] = 0.5 M); image size: 5.7 �m × 5.7 �m; z scale: 1 �m/div.

no difference between coated and uncoated cells can
be detected from the AFM topographs.

As a comparative system, we have investigated the
properties of uncoated cells with bud scars. Fig. 2
shows a cell with four circular regions, which are bud
scars from previous cell divisions.

In order to investigate the mechanical properties of
encapsulated and non-encapsulated cells, we recorded

Fig. 2. Contact AFM deflection image of an uncoated multibud
c
(
c
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rom the mean values are of about 20% for both coated
nd bare cells.

. Results and discussion

Cell immobilization on a surface is a key step for
eproducible AFM imaging. Mechanical trapping in a
orous membrane is a non-invasive method to immobi-
ize single living cells in liquid environment. Already
eported for uncoated yeast cells (Kasas and Ikai, 1995;
elling et al., 2004), the method is applied here to
ncapsulated cells. Fig. 1 shows an AFM image of
n encapsulated yeast cell protruding from a pore in
he polycarbonate membrane. AFM measurements per-
ormed on uncoated cells (data not shown) produce
ery similar results. At this resolution the cells are
haracterized by a homogeneous smooth surface and
ell trapped in a pore of a polycarbonate membrane in liquid
[NaCl] = 0.5 M). The arrows indicate the multiple bud scars. The cir-
ular structured region around the cell is an artifact due to the interac-
ion between the pore wall and the tip. Image size: 7.6 �m × 7.6 �m.

Harbutt Han
下划线
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Fig. 3. Typical deflection vs. piezo displacement curve obtained on
a coated yeast cell in liquid ([NaCl] = 0.5 M). Scan rate: 0.5 �m/s.
Inset: generic deflection vs. piezo displacement curve (see Appendix
A for a description).

deflection versus piezo displacement curves. Since
repeated curve acquisition on the same sample loca-
tion could influence the sample properties, subsequent
curves were recorded on different positions. Three
different types of samples were analyzed: encapsu-
lated cell, uncoated cell and uncoated cell with bud
scars. A typical curve obtained on a coated cell is
reported in Fig. 3. The absence of jump-to-contact is
due to the electrostatic and osmotic repulsion (Butt,
1991) between the Si3N4 tip, whose surface has a
negligible charge at pH ∼ 6 (Raiteri et al., 1996), and
the coated cell, which is negatively charged due to
the outermost PSS layer. The absence of jump-off-
contact indicates that adhesion forces are negligible.
The approaching and retracting curves, almost super-
imposed, indicate that the sample behaves elastically.
We note that qualitatively similar curves are observed
on uncoated cells. Deflection versus piezo displace-
ment curves were transformed into force versus piezo
displacement curves using the relation F = kcδc, where
F is the load, kc is the elastic constant of the cantilever
and δc is the deflection. Typical approaching curves
for the three considered systems are reported in Fig. 4:
they present different slopes in the contact region. The
slope of the contact region depends on the stiffness of
the sample: a higher value of the modulus of the slope
is associated to a stiffer surface. In fact, at a fixed piezo
displacement, the stiffer the sample is, the less the tip
indents the surface (i.e. the higher is the correspondent
value of the cantilever deflection). From the compari-

Fig. 4. Typical force vs. piezo displacement approaching curves for
coated cells (dashed line), uncoated cells (solid line) and uncoated
cells in the bud scar region (dotted line).

son of the three curves in Fig. 4 it can be qualitatively
inferred that, in a similar way as the bud scar does, the
polyelectrolyte coating increases the cell rigidity.

To probe the homogeneity of the sample mechanical
properties, matrixes of curves were acquired on a cho-
sen area. The curves were processed in order to build
up force maps, helpful for a better visualization of the
spatial distribution of the elastic properties. The curves
were superimposed at a fixed force value and cut at a
chosen piezo displacement (Fig. 5b). The correspon-
dent values of force fi were used to make the maps.
An example of force map obtained on a coated cell is
reported in Fig. 5a: the sample mechanical properties
are quite homogeneous over the examined area since no
particular features are observed. Qualitatively similar
results were obtained on uncoated cells without bud.

As discussed previously, both bare and coated cells
behave elastically. For a quantitative evaluation of
the system elasticity we have therefore analysed the
force curves by using the Hertz–Sneddon model (see
Appendix A). This model relates the load (force)
exerted by an indenter, having a known shape, to the
indentation depth of a sample, having a plane surface,
under the hypothesis of an indenter Young’s modulus
much higher than the sample one and of no adhe-
sion between indenter and sample. In our case the
model conditions are fulfilled. The radius of the cells
(>2.5 �m) is much larger than the radius of curvature
of the tip (20–60 nm); therefore, in first approximation,
the region of the cell involved in the contact process can
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Fig. 5. (a) Force map obtained on a 1.2 �m × 1 �m region of a coated yeast cell by plotting the fi values calculated by cutting the force curves,
previously superimposed at a chosen force value (10 nN in this case), at a chosen piezo displacement (140 nm in this case) as shown in (b).
According to this analysis stiffer samples are characterized by lower fi values.

be considered plane with respect to the tip. The Young’s
modulus of the tip (Etip = 150 GPa) is much higher than
that of the sample. Since there is no jump-off-contact
in the retracting curves, the adhesion between tip and
sample is negligible. We note that in our case the sam-
ple is not a homogeneous material, but it has a complex
structure (cell interior, cell membrane, cell wall and,
for coated cells, polyelectrolyte coating). The Young’s
modulus value obtained through the Hertz model anal-
ysis has to be considered as an effective value relative
to the whole system.

The Hertz–Sneddon equations (see Appendix A)
link the load to the indentation depth while the experi-
mental data consist in deflection versus piezo displace-
ment curves. Deflection/piezo displacement curves can
be changed into load/indentation curves by using the
relations: F = kcδc and δ = z − δc, where F is the load,
kc the elastic constant of the cantilever, δc the deflec-
tion of the cantilever, δ the indentation depth and z
the piezo displacement (Weisenhorn et al., 1993). The
model predicts that the load depends on the indentation
according to a power law related to the tip geometry. In
order to choose the correct tip geometry an equation of
the form F = aδb was fitted to load versus indentation
curves: based on the Hertz–Sneddon equations (Eqs.
(1)–(3) in Appendix A) the exponent b depends on the
tip shape. Since we obtained a value of b close to 3/2,
characteristic of a spherical tip, the curves were fitted
by using the spherical model (Fig. 6). Assuming a Pois-
son’s ratio of 0.5 (expected for soft biological materi-
a

Fig. 6. Typical force vs. indentation curve of a coated yeast
cell: experimental data (dotted line) and data generated using the
Hertz–Sneddon model (solid line).

obtained Young’s modulus values of 1.79 ± 0.08 MPa
for encapsulated cells 1.12 ± 0.02 MPa for uncoated
cells without bud scar and 2.0 ± 0.2 MPa for uncoated
cells with bud scar (Table 1).

For uncoated cells, the data in literature
(E = 0.6 ± 0.4 and 6.1 ± 2.4 Mpa for mother cell

Table 1
Mean values of the Young’s modulus

Sample Young’s modulus (MPa)

Coated cell 1.79 ± 0.08
Uncoated cell 1.12 ± 0.02
Coated cell-bud scar 2.0 ± 0.2
ls) and using the measured tip radius of curvature, we
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and bud scar, respectively (Touhami et al., 2003))
report a higher rigidity of the bud scar compared to the
mother cell. Our results are in qualitative agreement
with those reported in literature even if a slightly
lower value is obtained for bud scar. Several reasons
could account for this discrepancy. The different
yeast strain used and the different medium in which
the measurements were performed could be partially
responsible for the observed differences. Moreover,
the bud scar value has been obtained as the average
over a region “centered” on the bud scar. Because
of possible drifts of the chosen region during the
acquisition of the curve matrixes, contribution from
mother cell regions around the bud scar cannot be
excluded. Such contribution would lead to a lowering
of the measured average stiffness compared to the
“pure” bud scar stiffness.

Young’s moduli in the range of MPa are in agree-
ment with values reported in literature for bacterial cells
(Yao et al., 1999; Touhami et al., 2003). The presence
of a cell wall increases the cell rigidity compared to
mammalian cells for which E values in the range of
0.1–100 kPa are reported (Radmacher, 2002).

Furthermore, the structure/composition of the cell
wall largely influences the cell rigidity. AFM measure-
ments on cell wall-defective mutants of S. cerevisiae
indicate that modifying the cell wall composition by
reducing the number of mannosylphosphate groups
decreases the cell rigidity (Méndez-Vilas et al., 2004).
In the present study, coating the cell wall with a PE
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stationary phase by increasing wall thickness without
altering the average elastic properties of the cell-wall
material. The large discrepancy between the elasticity
data obtained by local and global techniques clearly
indicates that different aspects of the cell elasticity are
probed by the two approaches and further effort for a
critical data comparison will be necessary.

To our knowledge, apart from a paper on dried
coated cells (Yu and Ivanisevic, 2004), there are no
data in literature about hydrated hybrid systems simi-
lar to those investigated in the present study. On the
other hand, several papers have been published on
the mechanical properties of polyelectrolyte multilayer
capsules (for a review, Fery et al., 2004) investigated
by colloidal AFM (Lulevich et al., 2003; Heuvingh et
al., 2005) and by osmotically induced swelling experi-
ments (Vinogradova et al., 2004; Gao et al., 2001a).
Except for a colloidal AFM study (Lulevich et al.,
2004) in which a value of 1–10 MPa (depending on the
template) is given as a lower limit of the Young’s mod-
ulus, Young’s moduli in the range of hundreds of MPa
are reported for capsules made by 8 up to 20 polyelec-
trolyte layers. Slight variations in the reported values
were observed in dependence of the chosen polyca-
tion/polyanion couple, the core or the salt concentration
of the medium. Young’s moduli in the range of hun-
dreds/thousands of MPa have been reported also for
planar PSS/PAH multilayers in the wet/dry state (Nolte
et al., 2005). The Young’s modulus of polyelectrolyte
capsules reported in literature are therefore higher than
t
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atrix modifies the system’s mechanical properties by
ncreasing its rigidity.

It must be noted that the above cited papers as well as
he present study investigate the cell elasticity through
local approach by using AFM. However the impor-

ance of the cell mechanical properties which play a
ey role in determining cell form and cell growth has
rompted a number of investigations carried out by
ifferent techniques, from micropipette aspiration to
smotic swelling/shrinking, optical trapping and cell
ompression (Fung, 1993; Zahalak et al., 1990; Smith
t al., 2000; Mendelson et al., 2000). These experi-
ental techniques probe the elastic properties of the

ell by applying a mechanical stress to the whole cell.
hrough a micromanipulation technique on S. cere-
isiae, Middelberg and coworkers (Smith et al., 2000)
btained a Young’s modulus of about 100 MPa and
howed that yeast cells strengthen as they enter the
he Young’s modulus of the hybrid polyelectrolyte/cell
ystem investigated in the present paper. However no
irect comparison of the two sets of values can be made
ince the values obtained here are not the Young’s
oduli of the polyelectrolyte coating alone, but are

haracteristic of the entire hybrid system. It is therefore
easonable that lower values are obtained. Moreover, in
he present study we used a polycation with a molecular
eight lower than the one usually reported in literature.
ikely, the electrostatic interactions of short polyca-

ions with polyanions are weaker than those of long
olycations. Actually an increase in the structure rigid-
ty has been reported for hollow capsules prepared with
igh molecular weight polyelectrolytes (Dejugnat and
ukhorukov, 2004). In addition, for the hollow capsules

emplated on melamine formaldehyde, the significant
uantity of remaining core material (Gao et al., 2001b)
s likely to induce a stiffening of the capsule wall. The
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aim of the present work was not the evaluation of the
Young’s modulus of the surface layer of coated cell, but
mainly the comparison of the mechanical properties of
coated and uncoated cells.

An interesting point which deserves further inves-
tigations concerns the interactions between the cell
and the adsorbed polyelectrolyte layer: the use of a
living cell as a template is likely to make the mecha-
nism of PE assembly more complex when compared
to the coating of polymer cores or ionic crystals. It
is reasonable to suppose that living cells can react to
an external perturbation, like the PE coating. Some
hints for this hypothesis come from a previous study
on the immobilization of encapsulated living cells on
patterned surfaces: while cells encapsulated with a neg-
atively terminated coating selectively adsorb on pos-
itively charged patterns, no selective adsorption (on
negatively charged patterns) is achieved when using
cells encapsulated with a positively terminated coat-
ing (Krol et al., 2005). This suggests that living cells
are able to actively change the surface charge of the
attached polyelectrolyte layers and deserves further
quantitative analysis of the surface charge density of
the coated cells as a function of the outermost layer.
Such an “active” cell role is likely to affect the mechan-
ical properties of the PE multilayers as well. It will be
therefore interesting to evaluate the Young’s modulus
of the PE cell coating and to compare it to the values
obtained for PE layers assembled on inorganic cores.

Work is in progress as well to address the depen-
d
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At large tip–sample distances (A) there is no inter-
action between tip and sample and the cantilever is
not deflected. During the approach, the tip is sud-
denly captured by the sample (jump-to-contact) (B).
Approaching further, we move in the contact region
(C). Upon reversal of the piezo movement direction, the
tip is retracted from the sample (D) until the jump-off-
contact (E) is observed and the tip is released from the
surface. The analysis of the contact region gives infor-
mation on the sample elastic properties: if the sample
behaves elastically approaching and retracting curves
are superimposed while a hysteresis indicates a plastic
behaviour. The absence of the jump-to-contact indi-
cates the presence of repulsive forces balancing attrac-
tive van der Waals forces. A large jump-off-contact is
due to adhesive forces set up in the contact region.

The Hertz–Sneddon model. In the contact region,
the behaviour of the cell–tip–cantilever system can be
described by the continuum mechanics of elastic con-
tact. The model describes the behaviour of a known
geometry indenter in contact with an elastic half-space
much less rigid than the punch (Sneddon, 1965). In
the Hertz–Sneddon equations the load exerted by the
punch is linked to the caused indentation depth. In the
application to the AFM measurements the generally
considered indenter’s geometries are the conical, the
paraboloidal and the cylindrical ones (Weisenhorn et
al., 1993):

F
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ence of the Young’s modulus of coated cells on the
hickness of the polyelectrolyte coating and to inves-
igate the influence of the coating rigidity on the cell
uplication capability.
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ppendix A

A generic cantilever deflection versus piezo dis-
lacement curve is reported in the inset of Fig. 3.
cone = 2

π
tgα

E

1 − ν2 δ2 (1)

paraboloid = 4

3

E

1 − ν2 R1/2δ3/2 (2)

cylindre = 2
E

1 − ν2 aδ (3)

here F is the load exerted by the tip, E the Young’s
odulus and ν the Poisson’s ratio of the elastic half-

pace, α the half-opening angle of a conical tip and R is
he radius of curvature of a paraboloidal or a spherical
ip and a the radius of a cylindrical tip.

These models describe the contact between an elas-
ic sample with a planar contact surface and a rigid
unch under the hypothesis of negligible adhesion
etween tip and sample.
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