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Abstract
Background: Poly(amidoamine)s (PAAs) are synthetic polymers endowed with many biologically
interesting properties, being highly biocompatible, non toxic and biodegradable. Hydrogels based
on PAAs can be easily modified during the synthesis by the introduction of functional co-
monomers. Aim of this work is the development and testing of novel amphoteric nanosized
poly(amidoamine) hydrogel film incorporating 4-aminobutylguanidine (agmatine) moieties to create
RGD-mimicking repeating units for promoting cell adhesion.

Results: A systematic comparative study of the response of an epithelial cell line was performed
on hydrogels with agmatine and on non-functionalized amphoteric poly(amidoamine) hydrogels and
tissue culture plastic substrates. The cell adhesion on the agmatine containing substrates was
comparable to that on plastic substrates and significantly enhanced with respect to the non-
functionalized controls. Interestingly, spreading and proliferation on the functionalized supports are
slower than on plastic exhibiting the possibility of an easier control of the cell growth kinetics. In
order to favor the handling of the samples, a procedure for the production of bi-layered constructs
was also developed by means the deposition via spin coating of a thin layer of hydrogel on a pre-
treated cover slip.

Conclusion: The obtained results reveal that PAAs hydrogels can be profitably functionalized and,
in general, undergo physical and chemical modifications to meet specific requirements. In particular
the incorporation of agmatine warrants good potential in the field of cell culturing and the
development of supported functionalized hydrogels on cover glass are very promising substrates
for applications in cell screening devices.
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Background
In the last years the progress of biological sciences has led
to outstanding developments in the field of cell culturing in
vitro. Several new techniques, such as cell microarray or
cells on chips, require reliable support materials with good
biocompatibility and cell adhesion, preferentially disposa-
ble and simple to use [1,2]. Among synthetic materials,
hydrogels present unique tissue-like properties for interac-
tions with living cells [3,4], such as water content and per-
meability to oxygen and metabolites. In principle, fully
synthetic hydrogels, as opposed to naturally derived media
(e.g. gelatin, chitosan, etc.), should be more advantageous,
coupling the aforementioned properties with the possibil-
ity of complete control over hydrogel composition, cross-
linking and swelling. The hydrogels can be produced with
tailored shape and thickness, and their surface can be pat-
terned with lithographic techniques [5,6]. Moreover hydro-
gels can be fittingly functionalized with biomolecules for
obtaining customized properties [7]. [8]

Cell adhesion on fully synthetic hydrogels, however, is
still an issue for many of these materials, such as PHEMA
or crosslinked PEG derivatives [9]. A number of chemical
and physical modifications have been proposed to over-
come this problem, often relying on modification of the
synthetic surface with biological or biomimetic moieties,
like peptides or proteins [10]. The process of cell adhesion
to a substrate, both on the natural extracellular matrix
(ECM) and synthetic materials is mediated by interactions
between surface ligands and cell receptors, such as trans-
membrane integrins and proteoglycans [11]. The tripep-
tide argininglycin aspartic acid (RGD), present in several
ECM proteins, has been object of intensive research in the
last years [12]. In fact, several studies have shown that this
tripeptide and some of its analogues can interact with
adhesion regulating proteins of the integrin family, and
play a role in promoting cell adhesion and spreading,
mimicking the effect of some ECM proteins such as
fibronectin or vitronectin [13-15]. The overall action
mechanism is still not completely clear, but some studies
have associated it to the conformation of the guanidine
side group of arginine and its distance and angle from the
acidic pendant of aspartic acid [16,17]. Modification of
chemical structures in order to include an RGD or RGD-
like group has been proposed for a number of applica-
tions where interaction with cells is desired, to enhance
adhesion or recognition by cellular receptors [18-20].

Poly(amido amine)s (PAAs) are synthetic polymers
highly biocompatible, non toxic and biodegradable
[21,22]. Several structures [23,24] including biologic, bio-
mimetic and bioactive compounds, can be incorporated
in the PAA network by covalent attachment during the
synthesis step [25]. In the hydrogels based on PAAs
[26,27] functional co-monomers, as 4-aminobutyl guani-

dine (agmatine), can be easily introduced in order to
build a functional amphoteric repeating unit which is
structurally similar to RGD [28]. This new material does
not involve peptide synthesis and purification and can be
prepared from commercially available materials, with
lower costs and a simple one-pot synthesis. Moreover, the
versatility of the involved chemistry allows to easily add
other functionalities or cell signaling groups that can be
inserted during or after the chemical synthesis [23-25].

Ferruti et al. [29] carried out preliminary evaluations of
cytotoxicity and cell proliferation on fibroblast cell line as
well as of hydrogel degradation tests under conditions
mimicking the physiological environment. These pioneer-
ing experiments demonstrate that PAA hydrogels contain-
ing agmatine are suitable substrate for cell culturing and
that the degradation rate depends on the selected aminic
cross-linker. The obtained results prompted us to perform
a systematic and comparative study on cell adhesion and
proliferation between amphoteric agmatine-based PAA
hydrogels and not functionalized PAA hydrogels. Moreo-
ver, in view of the preparation of inexpensive, disposable
and handling devices, a protocol for the preparation of
glass supported functional amphoteric PAA hydrogel lay-
ers has been developed. A bi-layered construct has been
prepared by spin coating a pre-treated glass with this
novel functional hydrogel layer, in order to have a stable
and functional substrate for cell culture.

In this paper we report our research on cell culture exper-
iments using epithelial MDCK (Madin-Darby canine kid-
ney) cells since they are known to express the RGD-
binding αVβ3 integrin [30]. Cells were plated on glass sup-
ported amphoteric PAA-based hydrogels having as control
substrate tissue culture plate surfaces (TCPS). Our results
indicate that glass supported PAA hydrogels containing
agmatine promote cell adhesion and open interesting per-
spectives for the development of microsystems aimed at
realizing increasing cell handling integration on chips.

Materials
Ethanol, hydrochloric acid (37%), nitric acid (65%), 3-
aminopropyltrimethoxy silane, 1,2-diaminoethane (EDA),
4-aminobutylguanidine sulfate (agmatine sulfate) and
GRGD peptide were purchased from Sigma-Aldrich and
used as received. N,N'-Bis (acrylamido) acetic acid (BAC)
was prepared as reported in the literature [31] and purity
determined by Nuclear Magnetic Resonance (NMR) and
titration; 2-methylpiperazine (Fluka) was recrystallized
from heptane. Phosphate buffer solution (PBS) was pre-
pared using Sigma Aldrich tablets (# P4417). One tablet
dissolved in 200 ml of deionized water yields 0.01 M phos-
phate buffer, 0.0027 M potassium chloride and 0.137 M
sodium chloride, pH 7.4, at 25°C. Soluble AGMA-1 poly-
mer was prepared as reported in the literature [29]. The
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sample was characterized by NMR and Gel Permeation
Chromatography (GPC). The molecular weight of the sam-
ple used: Number average molecular weight = 5500 and
Weight average molecular weight = 6500, polydispersity =
1.25; its NMR was consistent with those reported in the lit-
erature. TCPS (tissue culture plate surfaces), multiwells,
and tissue culture flasks were purchased from Zellkultur
und Labortechnologie, Switzerland; round glass coverslips
as support for hydrogels (13 mm in diameter, 0.7 mm
thickness) from Zeus super. All chemicals used in the bio-
logical tests were purchased from Sigma-Aldrich. Sterile
and ultrafiltered water, purchased from Fluka (Sigma #
95289), was used during hydrogel synthesis and prepara-
tion. From datasheet water is considered endotoxin-free by
LAL test. The endotoxin free water was used in the prepara-
tion of all cell culture reagents (such as HBSS, PBS, cell cul-
ture medium). Since the hydrogels preparation and
experiments steps were protected from bacteria contamina-
tion, we assume that the final product is over of endotoxin
contamination. Spin coating was performed using a Laurell
WS-400B-6NPP-Lite spin coater. 1H and 13C NMR spectra
were obtained using a Brüker Avance400 spectrometer
operating at 400.132 MHz (1H) and 100.623(13C), and
using Brüker software. Size exclusion chromatography
(SEC) traces were obtained with Toso-Haas TSK-gel G4000
PW and TSK-gel G3000 PW columns, using a Waters model
515 HPLC pump. The two columns were connected in
series and the mobile phase was Tris buffer (pH 8,10); flow
rate 1 ml/min; refractive index detector Waters 2410. The
samples were prepared in Tris buffer with a 1% concentra-
tion in polymer. Molecular weight determinations were
based on a pullulan standards calibration curve.

Methods
Preparation of the free standing hydrogels
General preparation procedure for AGMA1-75 hydrogel:
in a 10 ml round bottomed flask BAC (1099 mg, 5.4
mmol, 97.5%) was added under nitrogen atmosphere and
stirring to an aqueous lithium hydroxide solution (lith-
ium hydroxide monohydrate, 226.26 mg 5.4 mmol in 1.8
ml). When the solution was clear, agmatine sulfate
(308.17 mg, 1.35 mmol, 97%) and more lithium hydrox-
ide monohydrate (81.9 mg, 2.7 mmol) were added and
dissolved. This mixture was allowed to react for 24 hr at
room temperature (20 ± 5°C) in the dark, and then EDA
(121.7 mg, 2.05 mmol) was added. The solution was
stirred for 1 minute, retrieved with a syringe and injected
in a square mould made of two silanized 10 × 10 cm2 glass
plates separated by a 0.3 mm silicone spacer. The hydrogel
was allowed to crosslink at room temperature for 72 hr
protected from direct sunlight then it was retrieved as a
pliant solid clear film. The PAA hydrogel obtained by this
procedure was purified from low molecular weight impu-
rities by first extracting with excess ethanol and then with
sterile and ultrafiltered water. Treating directly ethanol-

swollen hydrogel samples with aqueous media caused an
osmotic shock leading to surface fracture. The adopted
procedure was, therefore, to expose the ethanol-swollen
hydrogel to water/ethanol mixtures with increasing water
concentrations, until pure water was used. The extraction
time was at least 30 min for each step. ISA23-75 was pre-
pared and purified using the same procedure, and the fol-
lowing reagents: BAC (1099 mg, 5.4 mmol), lithium
hydroxide monohydrate (226.26 mg 5.4 mmol), 2-meth-
ylpiperazine (135.3 mg, 1.35 mmol), water (1.8 ml), and
EDA (121.7 mg, 2.05 mmol).

Swelling test
The native (unwashed) hydrogels were cut into 10 × 10 ×
0.3 mm3 parallelepiped, weighed (mean weight 206 ± 15
mg), and washed in ethanol/water according to the proce-
dure described above. Each specimen was placed inside a
50 ml beaker containing 30 ml water (or buffer) at the
desired temperature. At regular intervals the specimen was
taken out of the beaker, any visible surface moisture was
wiped off, and then it was weighed. After this, the speci-
men was returned to the test tube and the uptake of water
was measured until the maximum mass was obtained.
The percentage amount of water absorbed was calculated
using the following formula:

waterabs (%) = (Wfinal - Wdry)/Wdry × 100, (1)

where Wfinal and Wdry are the final weight of the swelled
hydrogel and the weight of the dry hydrogel respectively.
Equilibrium is reached between 5 and 7 hr. After 24 hr,
each sample was rinsed in sterile and ultrafiltered water
and freeze-dried to obtain the dry weight. Tests were per-
formed in water, PBS, cell culture medium and cell culture
medium under culture conditions (37°C, 5% CO2).

Degradation tests
Several samples of dry AGMA1-75 and ISA23-75 were
weighed (average weight 18 ± 5 mg) and placed each in a
test tube containing 1 ml phosphate buffered solution 0.1
M at pH 7.4. The samples were closed, placed in an incu-
bator at 37°C and retrieved at different times. The recov-
ered samples were blotted dry and weighed, then they
were freeze dried to define the dry weight. The propor-
tional swelling was calculated as

swelling (%) = Wwet/Winitial dry × 100, (2)

where Wwet is the weight of the swelled hydrogel, Winitial dry
is the weight of the initial dry hydrogel. The proportional
weight rest is evaluated as

weight rest (%) = Wfinal dry/Winitial dry × 100, (3)

where Wfinal dry is the weight of the final dry hydrogel.
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Glass amino silane functionalization
Round glass coverslips, 13 mm in diameter, were treated
as previously reported [32]. They were soaked in aqua
regia at room temperature for 5 hr (20 coverslips were laid
out in a glass dish 100 mm in diameter and covered with
12 ml of the acid mixture), washed several times in sterile
and ultrafiltered water and then in ethanol before being
soaked in a 10% (v/v) ethanol solution of – amino pro-
pyltrimethoxy silane (15 ml) overnight. The samples were
recovered and washed in ethanol (2 × 20 ml), sterile and
ultrafiltered water (3 × 20 ml), and then sonicated in ster-
ile and ultrafiltered water. They were finally dried with
soft paper and used within 24 hr.

Supported hydrogel layer preparation
AGMA1-75: BAC (39 mg 0.197 mmol) was dissolved in
sterile and ultrafiltered water (66 μl) together with lith-
ium hydroxide monohydrate (14.5 mg, 0.30 mmol). After
the solution cleared, agmatine sulfate (11.20 mg 0.05
mmol) was added and dissolved. The mixture was
allowed to react, in the dark and under nitrogen, for 24 hr
at room temperature (20 ± 5°C), then EDA (6.4 mg 0.09
mmol) was added just before casting. About 20 μl of the
solution were cast on each pre-treated glass coverslip,
using a Pasteur pipette, before spin coating them (4
coated glasses are obtained from each preparation). After
the deposition, samples were kept in a closed sterile con-
tainer for 3 days at room temperature, to allow the cross
linking reaction to proceed. Then they were retrieved, put
each in a well of a multiwell plate and washed as
described for the free hydrogels, each sample being
soaked in 1 ml solution. 30 min after the last addition of
water/ethanol mixture, the solution was removed, and
replaced with 1 ml of sterile and ultrafiltered water. Sam-
ples were kept in water at 37°C overnight, rinsed in sterile
and ultrafiltered water and sterilized with UV-rays for ten
minutes before use. ISA23-75: The procedure was the
same as reported above for AGMA1-75, using the follow-
ing quantities: BAC (39 mg, 0.197 mmol) sterile and
ultrafiltered water (66 μl), lithium hydroxide monohy-
drate (8.25 mg, 0.197 mmol), 2-methylpiperazine (5.0
mg 0.05, mmol), EDA (4.2 mg, 0.68 mmol).

Atomic Force Microscopy
The investigation of morphology of the substrates was car-
ried out in fluid using a Bioscope II AFM (Veeco, USA).
The AFM was operated in Tapping Mode at scan rates of
0.4–1.2 Hz over scan areas of 50 × 50 μm2 and 5 × 5 μm2.
V-shaped silicon nitride cantilevers (DNP-20 SW, Veeco,
USA) were used, with resonant frequency in milliQ water
ranging from 10 kHz to 20 kHz. The tip holder was
cleaned with liquid soap and water before and after each
use. The samples were placed inside a glass Petri dish
flooded with milliQ water for imaging. AFM images are
typically flattened line by line subtracting a polynomial

function, in order to get rid of the tilt of the sample and of
the scanner bow.

Cell culture
Immortalized Madin-Darby Canine Kidney epithelial cell
line (MDCK) were cultured in Dulbecco's Modified
Eagle's Medium, supplemented with 10% Fetal Bovine
Serum, 2 mM L-Glutamine, 0.1 mM non essential ammi-
noacid, 1.5 g/l sodium bicarbonate, 1 mM sodium pyru-
vate, 100 units/ml penicillin and 100 μg/ml streptomycin.
Cells were grown in tissue culture flasks at 37°C in con-
trolled atmosphere (5% CO2). For cell adhesion and pro-
liferation MDCK cells were seeded at a concentration of
104 cells/well to 13 mm diameter round glass coverslips
coated with AGMA1-75, ISA23-75 and to TCPS.

Cell adhesion, viability and proliferation
MDCK adhesion on AGMA1-75, ISA23-75 and TCPS were
measured. The results were compared in order to evaluate
the effectiveness of AGMA1-75 as culture substrate. Cells
were monitored every 30 min during the first four hours
after cell plating, then every hour for the next 2 or 3 hr.
Afterwards they were observed once a day until cells
achieved confluence. Images from each sample were col-
lected with a Power Shot G6 Canon digital camera
mounted on a Zeiss Axiovert 40 CFL inverted optical
microscope using 10× objective lens. Four random fields
from each sample were photographed. The number of
cells assuming the typical asymmetric morphology
(polygonal-like) of adherent MDCK were counted and
normalized to the total number of plated cells:

polygonal-like cell (%) = Npolyg cell/Ntot cell × 100, (4)

where Npolyg cell is the number of the cells showing the
polygonal-like morphology and Ntot cell is the total
number of counted cells in each image.

For the cell adhesion experiments in the presence of solu-
ble AGMA1 or GRGD peptide, cells were seeded in culture
medium supplemented with 1 mM AGMA1 (calculated
on the repeating unit concentration), 10 mM AGMA1 or 1
mM GRGD. After 4 hr the inhibition of adhesion was cal-
culated. It is defined as:

inhibition (%) = [1 - (polygonal-like cell (%)/polygonal-like 
cell (%)contr] × 100, (5)

where polygonal-like cell (%) as defined in Expression 4
and polygonal-like cell (%)contr is the cell adhesion on each
substrate (TCPS, AGMA1-75 and ISA23-75) in medium
without soluble AGMA1 or GRGD.

Cell viability tests were also carried out for MTT ((3-4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
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(Sigma # M2128)) assay procedure. 4 × 104 cells were
seeded on AGMA1-75 and ISA23-75 hydrogels, and TCPS
within a 48-well tissue culture plates. Non-adherent cells
were removed by washing at one and three hours from
seeding. Then, 500 μl 10% MTT solution (5 mg/ml in
PBS) was added to each sample and the plates were incu-
bated for 3 h at 37°C. The supernatant was discarded and
the formazan salt was dissolved in an equal volume of
acid isopropanol-0.04 M HCl. The absorbance was meas-
ured at 570 and 650 nm.

Immunofluorescence assay
Forty-eight hours after seeding in culture, cells were fixed
for 15 min in 3% paraformaldehyde, rinsed with 0.1 M
glycine in phosphate buffered saline (PBS) and permeabi-
lized with 0.25% Triton X-100 in PBS for 15 min at room
temperature, and processed for direct immunofluores-
cence analysis: to visualize the distribution and the organ-
ization of focal contacts, cells were incubated for 2 hr with
200 μM of FITC (Fluorescein isothiocyanate) mouse anti-
vinculin antibody in PBS with 0.1% Tween + 2% BSA,
then actin filaments were labeled by 30 min incubation
with 1 μg/ml of TRITC (Tetramethylrhodamine isothiocy-
anate) phalloidin in the same buffer. Nuclei were labeled
by 1 μg/ml of DAPI in PBS. Fixed and stained cells were
mounted in Mowiol and imaged using confocal micros-
copy (TCS SP2 AOBS Leica Confocal Microscopy).

Results
In this work two hydrogels were tested, namely ISA23 and
AGMA1. They are based on different amphoteric PAA
structures, both known in the literature as highly biocom-
patible structures [26-29]. As previously pointed out, the
AGMA1 repeating units (Figure 1a)) are very similar to the
well known adhesion-modulating RGD peptide sequence
(Figure 1b)). Since ISA23 does not carry any guanidine
pendant group (Figure 1c)), it is expected do not show any
significant cell adhesion properties [33] and it was used as
a non-functionalized control. In order to make the hydro-
gels more handy a new bi-layered system was designed,
prepared and tested. It is composed by a functionalized
glass support covered with a thin hydrogel layer. The
whole system results to be more robust and, at the same
time, preserve an optimal optical transparency as required
by microscopy characterizations. All the described results
were obtained by using these bi-layered constructs as they
could represent an interesting approach for addressing
effective cell culture and screening devices.

Swelling properties of hydrogels
Among the main parameters that control the swelling rate
there are: crosslinking density, network structure and
overall hydrophilicity of the polymer chains. Swelling
tests for comparing the network of AGMA1 and ISA23

were performed in water, PBS and ethanol. Figure 2 shows
the proportional swelling, calculated using Expression 2,
versus the percentage of crosslinker contained in each of
the two types of hydrogels in the different fluids. At first it
can be noted that the amount of absorbed ethanol is the
same and constant for both hydrogels independently on
the crosslinker amount. In the case of water and PBS the
swelling of ISA23 and AGMA1 decreases as a function of
the crosslinker content. The amount of water and PBS
adsorbed by ISA23 for defined crosslinker content is more
less the same (within the experimental error). A similar
behaviour can be observed also for AGMA1. However it
can be also observed that the swelling for both hydrogels
is alike up to a crosslinker amount of 70% after which the
two hydrogels begin to show wide apart trends.

Supported hydrogels
The previously characterized hydrogels were then used for
preparing glass supports coated with hydrogels to be used
for cell culture. The adhesion between an organic
hydrated layer and glass is usually poor, so, in order to
prepare a stable construct, the organic layer was
"anchored" to the glass using amino silane groups. The
hydrogel layer was prepared by a two step synthesis, as
schematically shown in Figure 3. The first step consists in
the preparation of an agmatine containing oligomer (pre-
polymer) that still carries crosslinkable acrylamide double
bonds at the chain ends. This is not isolated and is mixed
with the EDA crosslinker just before the deposition by
spin coating to achieve in situ hydrogel formation. This
procedure allows the glass-bound amino groups to take
part in the reaction effectively anchoring the hydrogel
layer to the glass. During the process of optimisation of
the deposition procedure, the monomer concentrations
was tuned in order to ensure equal amounts of aminic N-
H and acrylamide double bonds. In particular, the acryla-
mide content was kept constant while varying the EDA
and agmatine relative amounts. No samples with less than
50% of EDA were prepared in order to have a polymer
material that is stable at least for a week and having good
shape retention. When the constructs are soaked in water,
and then the hydrogel swells, strong internal stresses are
induced in the deposited layer. This leads to a peeling off
of the outer layer. However, the part of the film chemically
bound to the glass stably rests on the substrate as a thin
coating still capable to interact with cells. This nanometric
film was characterized by AFM measurements, as below
described in detail.

Optimisation of the crosslinker/agmatine ratio
Before starting with systematic biological tests, the opti-
mal ratio between crosslinker and agmatine was deter-
mined for an effective cell adhesion. A thorough
optimization was carried out by analysing a series of
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AGMA1 hydrogels having variable composition and
crosslinking degree and comparing it with a series of
ISA23 hydrogels of equal crosslinking degree. A series of
gel coated glasses with different composition was pre-
pared and tested for cell adhesion using a single experi-
ment (3 coverslips each) cell adhesion test using MDCK
cells at the same conditions reported in the cell culture
paragraph. Composition of the samples is reported in

Table 1. Results of cell adhesion are reported in Figure 4.
The adhesion has a maximum around 75:25 mol/mol
crosslinker:agmatine ratio, giving the best balance
between adhesion promoter availability. Based on these
results, it was decided to concentrate the investigations on
the constructs containing this optimal ratio and from now
on to call the functionalized hydrogel AGMA1-75 and its
analogue ISA23-75.

Repeating unitsFigure 1
Repeating units. Repeating unit of a) AGMA1; b) RGD peptide and c) ISA23.
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Degradation tests of hydrogels
After the determination of the optimal crosslinker/agma-
tine ratio a series of degradation tests were performed in
order to know the behaviour of hydrogels as a function of
time. Following the Expressions 2 and 3, the swelling (%)
and the weight rest (%) were evaluated for a time interval
of 14 days by sampling once a day. Figure 5 shows the
degradation kinetics of AGMA1-75 and ISA23-75 in PBS.
Figure 5a) shows the swelling of AGMA1-75 which
increases almost linearly whereas the swelling of ISA23-
75, a part from an initial increase, remains nearly con-
stant. This behaviour is mirrored in the graphs of Figure
5b), where the larger weight loss of AGMA1-75 is appar-
ent. The degradation is then consistent with a gradual
breaking of inter-chain linkages. The obtained results
indicate that after 14 days the weight of AGMA1-75 is
reduced of 25% and that one of ISA23-75 of only 12%.

Atomic Force Microscopy
AFM images reported in Figure 6 show the morphology of
different substrates. TCPS surface is uniform and flat
except for the presence of grooves a few nanometers deep
and many micrometers long. Coverslips coated with
hydrogels, instead, are rougher, with granular features
ranging from few tens to few hundreds of nanometers in
size. AGMA1-75 shows a larger number of grains than
ISA23-75, and some volcano-like features. These features
originate upon the partial detachment of the hydrogel
coating from the substrate. The root-mean-square rough-
ness (the standard deviation of heights around the mean
value) of the different substrates was calculated from the
AFM images acquired in different locations of the surfaces
(averaging on 5–10 images for each sample). Roughness

of both ISA23-75 and AGMA1-75 hydrogels was below 20
nm, while that of TCPS was about 11 nm.

Cell adhesion
At first, changes of cell morphology were analyzed during
cellular adhesion process and monolayer formation. Fig-
ure 7 shows some optical snapshots of cell response on
the three investigated substrates at different times, namely
2, 4, 24 and 48 hr. At 2 hr cells on hydrogels and TCPS
appear to be mainly round and pearly. After 4 hr a sub-
stantial amount of cells on AGMA1-75 and TCPS show an
polygonal-like morphology typical of the phenotype of
adhered MDCK cells, whereas on ISA23-75 the number of
adhered cells is still very low. At 24 and 48 hr after seeding
(see Figure 7) cells start to form a monolayer. A certain
amount of cells can be also observed on ISA23-75. This
effect might be ascribed to the partial absorption of adhe-
sive proteins from serum on the hydrogel. Thus, the mod-
ification of the cell morphology becomes manifest within
4 hours after seeding. Figure 8 shows the quantitative eval-
uation of the percentage of cells presenting the polygonal-
like morphology on the different substrates up to 4 hours.
Until the first hour the rate of cell modification is higher
for TCPS, and afterwards the trend on AGMA1-75 and
TCPS is similar. Morphological changes on ISA23-75 are
always significantly lower with respect to TCPS.

MTT assay was performed for obtaining a quantitative
evaluation of cell viability and adhesion. Figure 9 shows
that at 3 hr cells adhesion both on AGMA1-75 and TCPS
is comparable. Moreover, at 1 and also at 3 hr after plating
MDCK cells show a lower viability on ISA23-75. MTT
assay and the study on the morphological profile con-
cordantly indicate that AGMA1-75 promote the cell adhe-
sion.

At longer times cells on TCPS start to proliferate and form
clusters. This is the first step to achieve a wide uniform
epithelium. On AGMA1-75, instead, cells proliferated
slowly. This behavior becomes even more evident at 72 hr
(see Figure 10), when cells seeded on TCPS achieve con-
fluence and begin to die. On AGMA1-75, instead, cell
clusters are still observed without reaching confluence.
Instead MDCK cells grown on ISA23-75 exhibited lower
adhesion and slower proliferation compared to AGMA1-
75 and TCPS.

In order to evaluate the mechanism of cell adhesion on
AGMA1-75, the protein adsorption on hydrogel surface
and integrin-binding of agmatine containing hydrogels
was investigated. Adhesion experiments with media con-
taining only 0.1% of FBS were carried out. After 4 hr from
cell seeding the percentages of adherent cells are: 70.2 (±
2.2) % on TCPS, 47.6 (± 6.5) % on AGMA1-75 and 20.3
(± 3.2) % on ISA23-75. Thus, the cell adhesion is partially

SwellingFigure 2
Swelling. Swelling (%) versus crosslinker (%) contained in 
ISA23 and AGMA1 for different fluids.
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Synthesis of hydrogelsFigure 3
Synthesis of hydrogels. Scheme of the procedure for the synthesis of hydrogels. Step A: functional oligomer preparation; 
step B: in situ crosslinking.
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due to protein serum adsorption onto AGMA1-75 hydro-
gel surface.

The presence in the medium of a soluble polymer
obtained by copolymerization of BAC and agmatine [29]
up to a concentration of 1 mM in repeating units, proved
to prevent cell adhesion on all the substrates (see Figure
11). Increasing the AGMA1 concentration up to 10 mM
did not significantly increase the inhibition of cell adhe-
sion, suggesting that the interested receptors are already
almost completely saturated at 1 mM AGMA1. 1 mM
GRGD peptide and 1 mM AGMA1 (calculated on repeat-
ing unit concentration) have the same effect on cell adhe-
sion inhibition.

Actin stress fiber and focal adhesion formation on AGMA1-
75 hydrogels
RGD sequence from fibronectin has been shown to inter-
act with αVβ3 integrin [12] that is expressed on MDCK
cells [30]. Integrin occupancy and clustering determine
the activation of a signaling pathway that ultimately
affects cell adhesion, spreading and consequently cell
migration, by the interaction with cytoskele-tal proteins
[34,35]. Though the cell adhesion on TCPS and AGMA1-
75 4 hr after seeding is similar, cell spreading is less effec-
tive on the AGMA1-75 hydrogel compared to TCPS (50%
± 14% of spread cells on AGMA1-75 and 96% ± 1% of
spread cells on TCPS, n = 10). In order to determine
whether AGMA1-75 hydrogels affect cytoskeleton and
focal adhesion organization of MDCK cells, actin fila-
ments and vinculin, an adhesion component, were visual-
ized. It was found that TCPS growing cells, 24 hr after
seeding, present 88% (n = 24) of cell islands with well

Cell adhesion versus crosslinkerFigure 4
Cell adhesion versus crosslinker. Cell adhesion behav-
iour (normalised against TCPS) versus crosslinker content, 
given as moles ratio, that is (moles of EDA aminic hydrogens/
moles of overall aminic hydrogens) ×100.
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Table 1: Tested AGMA1 hydrogels. 

Sample name BAC (Mol) EDA (Mol) Agmatine (Mol)

AGMA1-50 1 0.25 0.50

AGMA1-60 1 0.30 0.40

AGMA1-70 1 0.35 0.30

AGMA1-75 1 0.38 0.25

AGMA1-80 1 0.40 0.20

AGMA1-90 1 0.45 0.10

Composition of the different AGMA1 hydrogels screened in the 
optimisation procedure.

Degradation kineticsFigure 5
Degradation kinetics. Degradation kinetics of AGMA1-75 
and ISA23-75 at 37°C in PBS at pH 7.4: a) swelling (%) and b) 
weight loss (%).
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formed stress fibers and this value decreased 48 hr after
seeding to 47% (n = 38). AGMA1-75 and ISA23-75 grow-
ing cells had the opposite behavior: the number of stress
fibers containing islands increased during time with a
steeper increase for AGMA1-75 compare to ISA23-75
(AGMA1-75 = 21%, n = 34 and 46%, n = 71; ISA23-75 =
21%, n = 19 and 30%, n = 53, 24 hr and 48 hr after seed-
ing, respectively, as shown in Figure 12B). TCPS and
AGMA1-75 growing cells present heterogeneity in terms
of length, size and thickness of vinculin-stained focal
adhesion (Figure 12A). On both substrates it is possible to
find short (small arrows) or long (big arrows) focal adhe-
sions 48 hr after seeding.

Discussion
The hydrogels chosen for the experiments, ISA23 and
AGMA1, were subjected to different preliminary tests of
characterization. At first it was investigated the swelling of
hydrogels in different fluids, namely water, PBS and etha-
nol. As shown in Figure 3, for the same amount of
crosslinker, both ISA23 and AGMA1 show higher water
and PBS absorption with respect to ethanol. This behav-
iour is expected owing to the hydrophilic structure of the
hydrogels under investigation. Consequently hydrogels,
swelled in water and PBS, appear to be softer with respect
to the corresponding hydrogels swelled in ethanol. With
the main purpose of making hydrogels easily of handling
and suitable for optical measurements, a procedure for
anchoring the polymers to the glass substrate was devel-
oped. In order to extend the stability of hydrogels it was
never used less crosslinker than 50%. For both ISA23 and
AGMA1, the hydrogel layer attached to the glass after the
swelling and peeling operations present a roughness
larger (about 20 nm) than that one of TCPS surface (about

11 nm), as shown by AFM measurements. With this tech-
nique it was also proved that the morphology of the sup-
ported hydrogels is stable on the time scale of several days
upon exposure to ambient conditions, as well as upon
wetting-dewetting cycle. Since during this period hydro-
gels preserve their features, it is assured the feasibility of
performing cell culture experiments in an appropriate
timescale. The crosslinker/agmatine ratio for the maximal
MDCK cell adhesion was assessed to be 75:25 mol/mol
crosslinker: agmatine ratio (see Figure 4). The correspond-
ing hydrogels, named AGMA1-75 and ISA23-75 were sub-
jected to a series of degradation tests. It was observed that
after 14 days the swelling (%) of AGMA1-75 doubles with
respect to the first day, whereas the swelling (%) of ISA23-
75 remains more less invariant (see Figure 5a)). The
weight loss (%) reflects this behaviour where AGMA1-75
loses much more weight with respect to ISA23-75 (see Fig-
ure 5b)). The measured trends confirm the expected larger
stiffening of the non-functionalized hydrogels. These
experimental data reveal that both types of hydrogels do
not widely degrade under the reported conditions over the
considered time interval. However, even if the experi-
ments were carried out in an environment similar to that
of biological fluids, it should be considered that degrada-
tion experiments performed in vivo might provide differ-
ent results. As reported in the work of Ferruti et al. [33],
the degradation products, deriving from the hydrolytic
scission of amidic functions placed in the repeating units
of PAAs, are fully non-toxic. In these experiments no evi-
dence of cytotoxicity came out.

After the described procedures for the preparation of
hydrogels substrates and their characterization, a series of
tests on cell adhesion and proliferation were carried out.

AFM imagesFigure 6
AFM images. AFM images of substrates used in the experiment. Horizontal and vertical scale: 50 × 50 μm2, 150 nm (A) 
TCPS. (B) Coverslip surface coated with ISA23-75. (C) Coverslip surface coated with AGMA1-75. The white box highlights a 
region where the thin hydrogel layer detached from the substrate, assuming a volcano-like appearance.
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MDCK were plated on the two types of hydrogels and on
TCPS. Within 1 hr after plating no evident differences can
be observed between AGMA1-75 and ISA23-75 and the
amount of adhered cells on these substrates is significant
lower than on TCPS (see Figure 8). After 3 hr the trend is
substantially different and the adhesion on AGMA1-75 is
comparable to that on TCPS (within one standard devia-
tion), whereas on ISA23-75 remains definitely lower (see
Figures 8 and 9). After 1-2 days effective MDCK prolifera-
tion on TCPS can be observed whereas this process on

AGMA1-75 appears to be slowed down (see Figure 7).
After 3 days, meanwhile the cells on TCPS achieve conflu-
ence, the cells on AGMA1-75 form clusters and no conflu-
ence is observed (see Figure 10). This effect may be
explained considering that, despite the fact that PAA
hydrogel layer were supported by a rigid material, cells
probably experienced a more compliant substrate than
TCPS. It is generally recognized that focal contact forma-
tion and cytoskeletal assembly may be partially hindered

Optical microscopy imagesFigure 7
Optical microscopy images. Optical microscopy images showing time evolution of MDCK cells on ISA23-75, AGMA1-75 
and TCPS. On ISA23-75 the asymmetric cells are few compared to the other substrates. On AGMA1-75 and TCPS the trend 
is similar, even if on AGMA1-75 the slower vital cell cycle is clearly visible from picture at 24 hr.

TCPS AGMA1-75 ISA23-75 
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on hydrogel surface with a subsequent slowing down cell
growth [36].

In order to assert that the major effectiveness of cell adhe-
sion on AGMA1-75 is due to its functionalisation, soluble
AGMA1 was dissolved in the medium with the purpose of
verifying inhibition of adhesion on the three different
substrates, namely AGMA1-75, ISA23-75 and TCPS. The
results confirm that AGMA1 prevent the cell adhesion at
comparable amount of soluble GRGD. Interestingly it can
be also observed that the maximal inhibition is obtained
on ISA23-75, whereas a small amount of adhesion persists
on TCPS and AGMA1-75, confirming the low aptness of
non-functionalized hydrogels to cell adhesion (see Figure
11). Since GRGD and AGMA1 produce comparable inhi-
bition, it can be reasonably concluded that they both
compounds bind the same integrin receptor (i. e. αVβ3
expressed on MDCK cell [12,30]).

Optical images indicate that the cells adhered on AGMA1-
75 are less spread with respect on TCPS. This behavior
could be ascribed, as mentioned above, to the occurrence
of opposite stimuli to the cells: the compliance of the
hydrogel surface, that can prevent a strong cell-substratum

interaction and stress fiber formation, and the presence of
integrin ligands, that favors a more effective cell substra-
tum adhesion. The behaviour of the actin stress fibers on
the different substrates is shown in Figure 12B). Slower
actin stress fiber formation on AGMA1-75 and ISA23-75
matched the slower spreading on these hydrogels. Chem-
ical properties can act together with physical characteris-
tics of substrates to affect cell adhesion. It was shown that
the presentation of integrin ligands in a clusterized form
enables the formation of focal contacts and stress fibers
[37] and determines cell spreading [38]. A uniform low
density of integrin ligands, instead, is unable to support
stress fiber formation [37]. Therefore, slower spreading
and stress fiber formation on AGMA1-75 hydrogels could
be also due to a more uniform (i. e. not clusterized) pres-
entation of integrin ligands compare to the TCPS. It is also
interesting to note that on ISA23-75 cell islands often
showed membrane structures as filopodia and lamellipo-
dia (Figure 12A, red arrows) indicating not stable focal
contacts and a tendency to cell migration [39].

Conclusion
A robust protocol for the production of supported nano-
metric hydrogel layers on transparent substrates for cell
culture was developed. It was relied on the versatility of
poly(amidoamine) hydrogels, that were engineered from
a simple amphoteric biocompatible system (ISA23-75) to
incorporate RGD-mimicking units (AGMA1-75) by intro-
ducing guanidine pendants and optimising their amount

Cell adhesion versus time on three different substratesFigure 8
Cell adhesion versus time on three different sub-
strates. Cell adhesion versus time on three different sub-
strates: ISA23-75, AGMA1-75 and TCPS. The graph shows 
the percentage of cells with polygonal-like shape on ISA23-
75, AGMA1-75 and TCPS. In the first hour after seeding, 
MDCK cells have a similar behaviour on ISA23-75 and on 
AGMA1-75. After a few hours the modified cells are signifi-
cantly higher on AGMA1-75 than ISA23-75 and approach the 
percentage on TCPS. Data represent mean ± σ. From 
ANOVA test ** indicates significant at 1% level vs TCPS at 
the same time.
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MTT assayFigure 9
MTT assay. MDCK were plated at 4 × 104 cells/well on 
TCPS AGMA1-7575 and ISA23-75 hydrogels and cultured 
for 1 and 3 hours. Viable cells were assessed by MTT assay 
and MTT-positive cells were expressed as a percentage of 
adherent cells. Data represent mean ± σ. From ANOVA test 
*P = 0,0399, °P = 0,0444 vs TCPS at the same time.
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in order to optimize cell adhesion. Anchored nanosized
hydrogel layers were obtained by in situ polymerization
carried out on glass substrates purposely modified with –
aminopropyltriethoxysilane, followed by swelling in
water, which invariably lead to spontaneous delamina-
tion of the external bulk of the hydrogel. The resultant
hydrogel layers showed flexible hydrated surface, opti-
cally transparent and free of defects causing visible light
scattering. It may be therefore assumed that they may
open the way to devices suitable for optical high-resolu-
tion microscopy. AGMA1 hydrogel layers exhibited
towards epithelial cells (MDCK) a level of cell adhesion
comparable to that of commercial plastic substrates for
tissue culturing even in the presence of only 0.1% of FBS.
On the contrary, a plain amphoteric PAA, ISA23-75,
showed a vastly inferior cell adhesion, thus demonstrating
that epithelial cell adhesion is not a general property of
amphoteric PAAs. Integrins are the major receptors for the
extracellular matrix in MDCK cells and they affect epithe-
lial cell polarization. AGMA1-75 substrate, even if it guar-
antees a good cell adhesion, seems to delay the
appearance of a polarized epithelium, making the spread-

ing and the proliferation slower than on TCPS. This effect
could be interesting if transposed to stem cells, which
need an environment able to maintain them in a quies-
cent state to keep their self-renewal and multi-potentiality
until they start differentiation to supply new cells for the
normal tissue turn over [40]. AGMA1 hydrogels, as PAAs
in general [41-43], may undergo further physical and
chemical modifications to meet specific requirements.
Moreover the adopted synthetic process is simple and eas-
ily scaleable. As final conclusion, supported functional-
ized hydrogels are very promising substrate for cell culture
in biomedical applications.
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Optical microscopy images at 72 hr after seedingFigure 10
Optical microscopy images at 72 hr after seeding. 
Optical microscopy images showing MDCK on TCPS and 
AGMA1-75 at 72 hr after seeding. On AGMA1-75 the epi-
thelium shows a large cell clustering: cell spreading of polygo-
nal shape and gray color (a)), whereas on TCPS the cells have 
reached confluence and start to die (b)).

Cell adhesion inhibitionFigure 11
Cell adhesion inhibition. The presence in the medium of a 
soluble polymer bearing the agmatine-BAC sequence in the 
repeating unit is able to prevent cell adhesion on all the 
tested substrates. 1 mM GRGD peptide and 1 mM AGMA1 
(calculated on repeating unit concentration) have the same 
effect on cell adhesion inhibition, increasing the soluble poly-
mer concentration to 10 mM does not increase significantly 
the inhibition of cell adhesion. On ISA23-75 the cells do not 
adhered in the presence of 10 mM AGMA1 in the medium.
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Immunofluorescence analysisFigure 12
Immunofluorescence analysis. Immunofluorescence analysis of actin cytoskeleton and focal contacts of TCPS or hydrogel 
MDCK growing cells. A) Actin stress fibers (left panel), vinculin stains (middle panel) and their merge (right panel) of MDCK 
cells 2 days after seeding. Small white arrows indicate short focal contacts and big white arrows indicate the long ones. In the 
ISA23-75 panels, red small arrows indicate filopodia red big arrows indicate lamellipodia. Nuclei are labeled with DAPI and vis-
ualized in blue. Scale bar: 10 μm. B) The percentage of cell islands with well formed stress fibers is plotted against the time after 
seeding. 62 (TCPS), 105 (AGMA1-75) and 72 (ISA23-75) cell islands from 3 different experiments were scored.
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