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ABSTRACT: The sulfobetaine (SB) moiety, which comprises a
quaternary ammonium group linked to a negatively charged
sulfonate ester, is known to impart nonfouling properties to
interfaces coated with polysulfobetaines or grafted with SBpolymeric brushes. Increasingly, evidence emerges that the SB
group is, overall, a better antifouling group than the phosphorylcholine (PC) moiety extensively used in the past. We report here
the synthesis of a series of SB-modiﬁed chitosans (CH-SB)
carrying between 20 and 40 mol % SB per monosaccharide unit.
Chitosan (CH) itself is a naturally derived copolymer of
glucosamine and N-acetyl-glucosamine linked with a β-1,4 bond.
Analysis by quartz crystal microbalance with dissipation (QCMD) indicates that CH-SB ﬁlms (thickness ∼ 20 nm) resist
adsorption of bovine serum albumin (BSA) with increasing eﬃciency as the SB content of the polymer augments (surface
coverage ∼ 15 μg cm−2 for ﬁlms of CH with 40 mol % SB). The cell adhesivity of CH-SB ﬁlms coated on glass was assessed by
determining the spreading dynamics of CT26 cell aggregates. When placed on chitosan ﬁlms, known to be cell-adhesive, the
CT26 cell aggregates spread by forming a cell monolayer around them. The spreading of CT26 cell aggregates on zwitterionmodiﬁed chitosans ﬁlms is thwarted remarkably. In the cases of CH-SB30 and CH-SB40 ﬁlms, only a few isolated cells escape
from the aggregates. The extent of aggregate spreading, quantiﬁed based on the theory of liquid wetting, provides a simple in
vitro assay of the nonfouling properties of substrates toward speciﬁc cell lines. This assay can be adopted to test and compare
the fouling characteristics of substrates very diﬀerent from the chemical viewpoint.

■

orientation of the bound water molecules.11,12 Among
zwitterionic moieties, phosphorylcholine (PC), sulfobetaines
(SB), and carboxybetaines (CB) are used most commonly.
The PC group comprises of a positively charged trimethylammonium group and a negatively charged phosphate ester.13
In the SB and CB groups the anionic moieties are sulfonate
esters and carbonate esters, respectively.14,15 While all three
families act as nonfouling agents, they show subtle diﬀerences
in properties such as stability and resistance against
oxidation.16

INTRODUCTION
Innovations in the synthesis and fabrication of biomaterials
have enabled major advances in tissue engineering, treatment
of cardiovascular diseases, cancer therapy, and development of
long-lasting surgical implants. The cellular response to a
polymeric substrate is aﬀected by numerous factors, such as
surface chemistry, topography, rigidity, wettability, and surface
charge. 1 Conversely, speciﬁc demands are placed on
biomaterials depending on their intended use. Some
applications require platforms promoting cell adhesion,2
directed cell migration,3 or cell diﬀerentiation.4 In contrast,
in the context of cardiovascular implants, materials must resist
cell adhesion to prevent stenosis.5,6 Poly(ethylene glycols)7
and zwitterionic polymers8 are among the most successful
nonfouling coatings currently available. The outstanding
nonfouling characteristics of polyzwitterions are attributed to
their high degree of hydration8−10 and the preferred
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substrates, as it is simple and the equipment necessary to
perform it is available in most cell biology laboratories.

Several years ago, we coupled phosphorylcholine groups to
the amine moieties of chitosan, a biocompatible and
bioadhesive copolymer of glucosamine and N-acetyl-glucosamine linked by a β-1,4 bond.17 Our objective was to obtain
chitosan derivatives soluble under physiological conditions in
order to facilitate their use in biological media. The strategy
was successful, chitosan with ∼40 mol % PC per mol of
monosaccharide (CH-PC40) was soluble in water over the
entire pH range. We also observed that protein adsorption was
low on all CH-PC ﬁlms immersed in aqueous protein solutions
and that the protein surface density decreased markedly with
increasing PC content of the substrate.18 Both human
umbilical vein endothelial cells (HUVEC) and a human breast
cancer cell line (MCF-7) adhered poorly on CH-PC ﬁlms.
Cells showed a marked tendency to aggregate on the
substrates,21 a phenomenon typical for cohesive cells seeded
on nonfouling substrates. In contrast, on fouling ﬁlms cells
spread as isolated entities over the entire area of the ﬁlm.
Although CH-PC derivatives possess the solubility in
physiological media and biocompatibility necessary for
therapeutic applications, their high cost limits their routine
applications as biomaterials.
Aware of the excellent nonfouling characteristics of
polysulfobetaines,19 we synthesized SB-modiﬁed chitosans
(CH-SB) of increasing SB content and assessed their fouling
properties. The outcome of this study is presented here. To
test the in vitro fouling properties of CH-SB substrates, we
devised a new test based on the spreading of cell aggregates on
surfaces. Cell aggregates consist of thousands of cells
assembled into spheroids via interactions between cadherin
receptors on the cell surface. The cohesion of cell aggregates,
which depends on the level of cadherin expression on their
surface, is determined by WCC, the cell/cell adhesion energy
per unit area. The statics and dynamics of spreading of cell
aggregates deposited on a surface were analyzed in the
framework of wetting by Steinberg in the early 1960s and by
Brochard-Wyart and co-workers over the last decades.20−22
The regimes of wetting are characterized by a spreading
parameter, S, deﬁned as S = WCS − WCC, where WCS is the
cell/substrate adhesion energy per unit area. If the cell/cell
adhesion energy is higher than the cell/substrate adhesion
energy (S < 0, partial wetting), the aggregate at equilibrium
forms a spherical cup with a ﬁnite contact angle (partial
wetting). If S > 0 the aggregate spreads on the substrate by
expanding outward a cell monolayer (complete wetting). The
spreading dynamics of this precursor ﬁlm result from the
balance of the friction forces associated with the entry of cells
from the aggregate into the cell monolayer and the active
forces driving the motile cells at the periphery of the ﬁlm.21,22
Within the context of the study reported here, it was
important to select a cell line suﬃciently cohesive to form
aggregates, yet able to spread on typical cell adhesive
substrates. We chose the murin colon carcinoma CT26 cell
line, which is readily available and used extensively in vitro to
model cancer tumors.23 We gauged the cell adhesivity of CHSB ﬁlms coated on glass substrates by determining the
spreading dynamics of CT26 cell aggregates on a set of CHSB ﬁlms (20 < SB < 40 mol %) over a 24-h period. We
performed the same tests on ﬁbronectin, a standard celladhesive surface, CH, and CH-PC20. The study provides
guidelines for the design, synthesis, and evaluation of chitosanbased substrates ranging from cell-adhesive to nonfouling. This
assay may prove valuable to test a much broader spectrum of

■

EXPERIMENTAL SECTION

Materials. Chitosan (degree of deacetylation, DDA ∼ 75%),
ﬁbronectin, magnesium nitrate, sodium hydroxide, sodium acetate, 3dimethylaminopropane 1, 2-diol, sodium periodate, 1, 3-propanesultone, and acetic acid were purchased from Aldrich Chemical Co.
Streptomycin and penicillin were purchased from Gibco BRL.
Deacetylated chitosan (2 mol % N-acetylamine groups, DDA ∼
98%)17 and phosphorylcholine-chitosan (CH-PC20)18 were prepared
as reported previously. Spectra/Pore membranes (Spectrum) were
employed for dialysis. All solvents were of reagent grade and used as
received. Water was deionized using a Milli-Q water puriﬁcation
system (Millipore). 1H NMR spectra were recorded on a Bruker
ARX-400 400 MHz spectrometer using D2O/DCl 100/1 v/v) as the
solvent. Mass spectra were recorded on a Micromass Autospec TOF
instrument equipped with a LSIM source (Regional Center of Mass
Spectrometry, University of Montreal, Montreal, QC, Canada).
Quartz crystal microbalance with dissipation (QCM-D) experiments
were carried out with a Q-sense model E4 instrument. Polished ATcut 5 MHz quartz crystal sensors (Quartz Pro) with gold electrodes
were used as substrates. Five QCM overtones (15, 25, ..., 55 MHz)
were recorded. The normalized frequency and dissipation shift at the
ﬁfth overtone (25 MHz) were used. All the measurements were
performed at room temperature. The QCM-D data were modeled
using the QTools 3.0 software.
Preparation of SB-Substituted Chitosans. Chitosans with
various amounts of grafted SB were prepared by reaction of
deacetylated chitosan and 3-(dimethyl(2-oxoethyl)ammonio)propane-1-sulfonate (SB-CHO, see SI-1 for the synthesis and
characterization). The method is illustrated here in the case of CHSB40. A solution of SB-CHO (0.41 g, 2.0 mmol) in methanol (10
mL) was added dropwise to a solution of deacetylated chitosan (0.5 g,
3.1 mmol monosaccharide residues) dissolved in aqueous 20 mL (2
wt %) acetic acid. The reaction was kept at 0 °C and stirred for 30
min. The pH was adjusted to ∼7.0 using 1.0 M aqueous NaOH. The
mixture was stirred for 1 h at room temperature. It was cooled back to
0 °C and treated with a solution of sodium cyanoborohydride (0.5 g,
8 mmol) in water (10 mL) added dropwise under stirring. The
reaction mixture was stirred overnight at room temperature. It was
dialyzed in sequence (membrane of MWCO 6000−8000 kDa) against
DI water, aqueous NaOH (0.05 M), aqueous HCl (0.05 M) all for 1
day, and ﬁnally against DI water for 2 days. The ﬁnal product was
isolated by lyophilization (yield: 0.53 g). The other SB-substituted
chitosans were prepared under identical conditions, except for the
initial SB-CHO/NH2 molar ratio (Table 1).
Preparation of the Polymer Solutions. Solutions of CH-SB
and CH-PC20 were obtained by dissolution of a known amount of
polymer in PBS (pH 7.4) to reach a concentration of 1 g L−1.
Chitosan solutions (1 g L−1) were prepared by dissolving CH in a
PBS solution containing aqueous acetic acid (2 wt %) followed, after 1
h of stirring at room temperature, by dropwise addition of NaOH to
adjust the solution pH to 5. All solutions were kept at room
temperature for 12 h prior to measurements.
Characterization of CH-SB Films by QCM-D. Gold-coated
quartz crystal sensors were cleaned with a piranha solution
(concentrated sulfuric acid and hydrogen peroxide (35%) in a 7:3
(v:v) ratio. WARNING: Piranha solutions are extremely reactive and
must be handled with extreme caution.), washed with copious
amounts of DI water, and dried under nitrogen. The clean sensors
were kept overnight in a 1 mM 11-mercaptoundecanoic acid (MUA)
solution in ethanol.18 Subsequently, they were washed with ethanol
and dried with nitrogen. The MUA-coated sensors were mounted in
the QCM-D ﬂow chamber and ﬂushed with PBS (pH 7.4) until the
baseline was stable. A solution of a CH-SB sample in PBS (1 g L−1)
was introduced in the cell at a ﬂow rate of 20 μL min−1. Once the
frequency reached a plateau value, the polymer solution was replaced
with PBS to remove the excess polymer. Data were ﬁtted by the Voigt
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C is a constant (C = 0.177 mg m−2 Hz−1) characteristic of the quartz
crystal and n represents the overtone number (n = 1, 3, 5, ...). The
change of the dissipation with protein adsorption is correlated to the
ﬁlm viscoelasticity.
Preparation of Polymer-Coated Substrates for in Vitro
Assays. Circular glass coverslips (25 mm in diameter) were placed in
ethanol and sonicated for 5 min. They were dried at ambient
temperature and exposed to deep-UV irradiation for 10 min. A drop
of a solution of CH-SB, CH-PC20, or ﬁbronectin in PBS (0.1 g L−1,
pH 7.4) or chitosan (0.1 g L−1, pH 5) was deposited on a freshly
cleaned coverslip. After 1 h, the excess polymer solution was removed
by gentle aspiration. The substrate was rinsed with PBS and used
immediately
Cell Culture and Preparation of Cell Aggregates. WT mouse
colon carcinoma CT26 cells (ATCC CRL- 2638; American Tissue
Culture Collection) were cultured at 37 °C under a 95% air/5% CO2
atmosphere in a culture medium consisting of Dulbecco’s modiﬁed
eagle medium (DMEM) supplemented with 10% (v/v) fetal bovine
serum (FBS) and antibiotics (100 μg mL−1 streptomycin and 100 U
mL−1 penicillin). Upon reaching conﬂuence, the cells were detached
from the ﬂask with trypsin and dispersed in DMEM at a concentration
of 4 × 104 cells mL−1. Cellular aggregates were prepared by a
modiﬁed hanging droplet method.28 Droplets (15 μL) of the cell
suspension in DMEM were deposited on the inverted lid of a Petri
dish. The lid was placed on top of the Petri dish ﬁlled with PBS, in
order to maintain the droplet under a high humidity atmosphere.
Cells fall to the bottom of the droplets due to gravity and adhere to
each other. After a 3-day incubation at 37 °C under a 95% air/5%
CO2 atmosphere, the aggregates formed in the doplets were deposited
on a substrate and used immediately in spreading experiments. In all
cases 10 aggregates were monitored under identical conditions.
Observation of the Spreading of Cellular Aggregates by
Bright Field Microscopy. The polymer-coated coverslips were
placed on the bottom of a microscope magnetic observation chamber
(Chamlide CMB, CM-B25-1). Droplets containing cellular aggregates
were removed from the Petri dish lid with a pipet and placed on the
polymer-coated glass coverslips. The microscope cell was ﬁlled with
CO2-equilibrated culture medium, consisting of DMEM supplemented with 10% (v/v) FBS and antibiotics (100 μg mL−1
streptomycin and 100 U mL−1 penicillin) to reach a ﬁnal volume of
1.5 mL. The chamber was sealed with mineral oil to prevent water
evaporation and placed for viewing in an inverted microscope (TIRF
AF 6000LX, Leica) equipped with a 10× 0.30 NA objective. Videos
were recorded with a CCD camera (Photometrics Cascade 512B,
Roper Scientiﬁc) at an acquisition rate of 1 frame every 10 min,
exported from the instrument software in TIFF format, and visualized

Table 1. Preparation Conditions and Physicochemical
Properties of Zwitterion-Substituted Chitosans
a

polymer

X-CHO/
NH2b molar
ratio

X content
(mol %)c

Mw
(g mol−1)

Mn
(g mol−1)

Mw/Mn

0.2

21.8

6.3 × 104

4.1 × 104

1.54

0.2

22.3

5.7 × 104

4.3 × 104

1.33

0.3

28.1

7.1 × 104

4.9 × 104

1.45

0.4

39.7

7.3 × 104

4.3 × 104

1.70

CHPC20d
CHSB20
CHSB30
CHSB40
a

The molecular weight of the chitosan sample used in all reactions
was 50 kDa. bMolar percent of X-CHO (X= PC or SB) in the reaction
mixture with respect to the molar concentration of the CH
glucosamine residues. cAverage value of the X content in CH-X,
determined from the CH-X 1H NMR spectra and expressed in molar
percent of X-substituted glucosamine residues. dData taken from ref
18.
viscoelastic model, which is widely used for thin polymer ﬁlms, to
calculate the ﬁlm thickness (d).24,25
Interactions of Proteins with CH-SB and CH-PC20 Films.
CH-SB-coated QCM-D sensors, prepared in the QCM-D cell as
described above, were treated with a bovine serum albumin (BSA)
solution (1 g L−1) in PBS introduced at a rate of 20 μL min−1. When
the frequency reached a constant value, the QCM-D ﬂow chamber
was ﬂushed with PBS to remove the excess unbound protein until the
frequency remained stable. For studies of BSA adsorption on CHPC20, a solution of BSA (1 g L−1) in PBS buﬀer was introduced into
the QCM-D cell at a rate of 20 μL min−1, immediately after the
preparation of a CH-PC20 ﬁlm using the protocol described for CHSB above. Free BSA was removed subsequently by rinsing the
chamber with phosphate buﬀer. All the experiments were performed
at 20.00 ± 0.05 °C.
The frequency values obtained after rinsing oﬀ the excess protein
was used to calculate the amount of protein adsorbed via the
Sauerbrey equation26 (1) often used to determine the surface
coverage of thin protein ﬁlms on QCM-D sensors.27 The change in
frequency (Δf) is related to the adsorbed protein mass expressed as
surface coverage Γ:
Γ=−

C Δf
n

(1)

Figure 1. 1H NMR spectrum of CH-SB40 in D2O/DCl at 70 °C. The SB content was calculated by comparing the integration of the signal at δ ∼
3.53 ppm (d) due the trimethylammonium protons of the SB residue with that of the signal centered at δ 4.30 ppm (3, 4, 5, 6) due to the protons
3, 4, 5, 6 of chitosan (x = 58%, y = 40%, and z = 2%).
1904

DOI: 10.1021/acs.langmuir.8b02461
Langmuir 2019, 35, 1902−1908

Article

Langmuir
using the ImageJ software package v.1.46r (National Institutes of
Health, Bethesda, MD) at 37 °C.
Aggregate Spreading Velocity. The time-dependent area of the
precursor ﬁlm, At, was determined from bright ﬁeld micrographs of
the aggregates at regular time intervals during the spreading. The
contour (perimeter) of the precursor ﬁlms was traced by hand with
ImageJ. The R0 value was determined from A0 (area at time 0)
assuming that aggregates are spheres and At was determined from the
time-dependent micrographs. The slopes of the ﬁtted At/R0 lines
correspond to the average spreading velocity, V* = πS/η,of the
aggregates, according to eq 2:29,30We expect a slowdown of the
spreading as S decreases and V* = 0 when S is negative.
At
= V *t
R0

Table 2. Properties of CH-SBx and CH-PC20 Films Coated
on MUA-Modiﬁed Gold Surfaces and Protein Surface
Coverage of the Films Obtained from QCM-D
Measurementsa
polymer

Δf5/5
(Hz)

ΔD5 × 106

ﬁlm thickness
(nm)

Γprotein
(μg cm−2)

CH-PC20b
CH-SB20
CH-SB30
CH-SB40

−31.8
−32.3
−44.8
−53.8

2.8
3.4
5.2
6.1

11.8
18.7
21.4
23.6

85.9c
73.5d
47.1d
15.5d

a
Δf5/5: frequency shift due to the formation of CH-SB ﬁlms
measured for the 5th overtone. ΔD5: dissipation change due to the
formation of the CH-SB ﬁlms measured for the 5th overtone. Γprotein:
weight surface coverage of protein on the ﬁlms. The estimated error in
the reported values is 5%. bData taken from ref 17. cFibrinogen
surface coverage. dBSA surface coverage.

(2)

Statistical Analysis. Statistical analysis of the results was
performed using a Student t test. A p-value smaller than or equal to
0.05 was considered as signiﬁcant.

■

rehydration, due to their hydrophilic nature.18,36 By analogy,
we surmise that during deposition of CH-SB on the substrates,
the hydrophilic SB groups preferably orient themselves toward
the water/polymer interface rather than being embedded
within the polymer.
Subsequently, the CH-SB ﬁlms were treated with a solution
of bovine serum albumin (BSA) in PBS. The BSA surface
coverages of the three ﬁlms, estimated by the Sauerbrey
equation assuming that the adsorbed BSA formed a single
protein layer,34 are listed in Table 2. Changes of the frequency
recorded for the ﬁfth overtone are presented in Figure SI 3C.
The BSA coverage decreases signiﬁcantly as the SB content of
the ﬁlms increases, conﬁrming that the SB substituents endow
CH with protein repellency.35 The protein surface coverage
observed for CH-PC20, taken from the previous QCM-D
study,17 is comparable to that recorded of CH-SB20.
Spreading of CT26 Cell Aggregates on CH-SB, CHPC20, CH, and Fibronectin Films. We reported previously
that CH and its PC-subsbtituted derivatives adhere strongly on
clean hydrophilic glass and readily form a thin ﬁlm on glass
upon dropcasting from a PBS solution and air drying.18 The
CH-SB, CH-PC20, CH, and ﬁbronectin ﬁlms described here
were obtained by the same dropcasting protocol. CT26 cell
aggregates (∼150 μm in diameter) prepared by the hanging
drop method were placed on polymer-coated coverslips and
immersed in cell culture media. Fibronectin and chitosan ﬁlms
are known for their cell-adhesive properties. Accordingly, we
observed that CT26 cell aggregates spread on ﬁbronectin and
on CH ﬁlms with formation of a precursor ﬁlm around them
(Figure 2, top rows, where the white lines follow the periphery
of the precursor ﬁlm). Shortly after plating on either
ﬁbronectin or CH, elongated isolated cells spread outward
from the aggregate forming thin protrusions. At longer times,
the escaping cells move collectively. The cell ﬂow is radial and
the cells take an elongated form oriented in the direction of the
ﬂow. Details of the spreading dynamics are captured in videos
presented as SI.
CT26 cell aggregates deposited on CH-PC20 ﬁlms (Figure
2, row 3 from the top) do not spread as extensively as on CHand ﬁbronectin-ﬁlms. Observation of the corresponding video
(SI) indicates that, initially, aggregates deposited on CH-PC20
form small protrusions and membrane tubes on their
periphery. Single cells progressively emerge from the
membrane tubes, adopt an elongated shape, and eventually
migrate on the substrate, scouting their surrounding. Cells
venturing away from the aggregate often adopt a round shape,

RESULTS AND DISCUSSION
Preparation and Characterization of the CH-SB
Samples. Reductive amination of SB-CHO with primary
amine groups of chitosan (Figure 1, left) led to the facile
preparation of three CH-SB samples of diﬀerent levels of SB
incorporation (Table 1). The composition of the CH-SB
samples was ascertained by 1H NMR and FTIR spectroscopy.
For instance, in the case of CH-SB40, the 1H NMR spectrum
(Figure 1) exhibits a singlet at δ 3.53 ppm (signal d),
attributed to the resonance of the trimethylammonium protons
(Hd) of the sulfobetaine moiety. It also exhibits two distinct
signals in the spectral region characteristic of the resonance of
the anomeric protons: a signal at δ 5.19 ppm (signal 1),
attributed to the anomeric proton of glucosamine units and a
signal at lower ﬁeld (δ 5.30 ppm, signal 1s) due to the
anomeric proton of the SB-substituted glucosamine units. The
resonance of H2 at δ 3.41 ppm shifts to δ 2.89 ppm after SBsubstitution (H2s). Spectra of CH, CH-SB10, CH-SB20, CHSB30, CH-SB35, and CH-SB40 are presented in Figure SI 1.
The IR spectra of CH-SB samples (Figure SI 2) exhibit two
bands associated with the sulfobetaine functional group: a
band at 1478 cm−1, corresponding to the bending of
−N+(CH3)3 and a band at 728 cm−1 due to the S−C
stretching mode.31
Physical Properties of the Films and Their Interactions with Proteins. We used QCM-D to study CH-SB
ﬁlms deposited in situ on a mercaptoundecanoic acid MUA/
gold-coated quartz crystal following a protocol described
previously.18,32 The changes of the frequency and dissipation
recorded for the ﬁfth overtone (Δf5/5 and ΔD5/5), listed in
Table 2, were monitored upon formation of CH-SB (Figure SI
3A and B). The thicknesses of the CH-SB ﬁlms (∼20 nm)
derived from the Voigt model increase slightly with increasing
SB content, as observed also in the case of CH-PC previously
reported (ﬁlm thickness of ∼10 nm for CH-PC15 and ∼15 nm
for CH-PC40).18 The thin CH-SB and CH-PC20 ﬁlms
prepared here on glass substrates are considered to be rigid
surfaces; hence in the following, we will neglect the eﬀect of
the ﬁlm rheology on the adhesion of cells.33 In a previous study
of CH-PC ﬁlms by takeoﬀ angle-dependent XPS analysis of
vacuum-dried CH-PC ﬁlms, coupled with a QCM-D analysis
of the rehydrated ﬁlms, we established that the vacuumexposed CH-PC ﬁlm surface is enriched in PC groups,
compared to the ﬁlm bulk. Moreover, the PC groups remain
located preferentially on the water/ﬁlm interface upon
1905
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ments. The area of the precursor ﬁlm is smaller and the ﬁlm
appears less cohesive than in the case of CT26 cell aggregates
on CH ﬁlms.
The escape of cells from CT26 cell aggregates deposited on
CH-SB20 ﬁlms also starts with the formation of protrusions on
the aggregate periphery (Figure 2, bottom row and video in
SI). Eventually a few rounded cells emerge tethered to the
aggregate by membrane tubes. They tug a few neighboring
cells while extruding more membrane tubes. Only a few
rounded cells escape the aggregate successfully and move freely
on their surrounding.
In Figure 3, we present close-up views of CT26 cell
aggregates 24 h after deposition on CH-SB40 and CH ﬁlms,
respectively. On CH-SB40 ﬁlms, the CT26 cell aggregates
form an almost spherical cap with a few tethered cells on its
periphery. This behavior is close to reaching the limit of partial
wetting (S < 0).21 In contrast (Figure 3, left), on CH ﬁlms
CT26 cell aggregates spread with the formation of a precursor
ﬁlm of cells around the aggregate (complete wetting, S > 0).
Side views of a slice of each aggregates are sketched above the
optical micrographs in Figure 3.
The evolution with time of the area of the precursor ﬁlm,
normalized by the initial aggregate radius, is plotted in Figure
4A for CT26 cell aggregates deposited on the polymer ﬁlms.
Since CT26 cell aggregates deposited on CH-SB30 and CHSB40 ﬁlms do not form distinct precursor ﬁlms (see SI Figure
5 and Figure 3 right), we present in an inset on Figure 4A, the
changes with time of the normalized area, A/R0. The solid lines
in Figure 4 are ﬁts of the data points to a diﬀusive law. A
diﬀusion coeﬃcient proportional to R0 can be modeled by the
following dynamical law for the spread area A versus time t:
A(t) = R0V*t = Dt where V* = πS/η is a typical spreading
velocity and R0 is the aggregate radius.37
The slope of (A − A0)/R0 or A/R0 ﬁtted lines represents the
average spreading velocities, V*, of CT26 cell aggregates,
which are presented in Figure 4B. The V* values are
signiﬁcantly reduced on CH-PC20 and CH-SB20 ﬁlms,
compared to ﬁlms of unmodiﬁed CH. The eﬀect is slightly
more pronounced for CH-SB20 vs CH-PC20. Within the CH-

Figure 2. Spreading of CT26 cell aggregates over a period of 24 h on
ﬁbronectin, chitosan, CH-PC20, and CH-SB20 ﬁlms coated on glass.
The sketches on top of the ﬁgure depict slices of an aggregate as
deposited on a substrate and after spreading for 24 h on an adhesive
substrate (e.g., ﬁbronectin). The white line follows the periphery of
the CT26 cell aggregates, including the precursor ﬁlm, as they expand.
The dotted lines in the bottom row indicate the area around the
aggregate that encloses all the isolated cells escaped from the
aggregate.

an indication that the cell adheres poorly to the ﬁlm. They
move on the substrate in search of adhesive patches onto
which they gain an elongated shape. This “schizophrenic”
behavior may be attributed to heterogeneities of the ﬁlm
surface not easily detectable by physicochemical measure-

Figure 3. Micrograhs of CT26 cell aggregates maintained in cell culture medium for 24 h after deposition on CH (left) and CH-SB40 (right). The
sketches above the micrographs represent side views of the aggregates.
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Figure 4. (A) Time evolution of the normalized area of the precursor ﬁlm for CT26 cell aggregates on CH, CH-SB20, and CH-PC20; Inset: Time
evolution of the normalized contact area for cell aggregates on CH-SB30 and CH-SB40. (B) Spreading velocity of cell aggregates on various
substrates, assuming a diﬀusional spreading. Data points correspond to the average value of n = 10 aggregates.

Synthesis method and 1H NMR spectrum of SB-CHO;
the 1H NMR and FTIR spectra of deacetylated CH and
of all SB-modiﬁed chitosans the and IR spectra of CHSB samples, protein adsorptions; data related to the
QCM-D analysis of the formation of CH-SB ﬁlms and
their interaction with BSA and the spreading of CT26
cell aggregates over a period of 24 h on CH-SB30 and
CH-SB40 ﬁlms coated on glass (PDF)
Video of CT26 aggregates spreading onto CH-PC20
(ZIP)
Video of CT26 aggregates spreading onto CH-SB20
(ZIP)
Video of CT26 aggregates spreading onto CH-SB30
(ZIP)
Video of CT26 aggregates spreading onto CH-SB40
(ZIP)
Video of CT26 aggregates spreading onto CH (ZIP)
Video of CT26 aggregates spreading onto ﬁbronectin
(ZIP)

SB series, one observes a signiﬁcant slowdown of the aggregate
spreading on CH-SB30 vs CH-SB20. A higher level of SB
substitution has no signiﬁcant eﬀect on V* (see CH-SB30 vs
CH-SB40), which may signal the limit of the sensitivity of
CT26 cell aggregates to the adhesivity of CH-SB substrates. In
the case of partial wetting, V* = 0, this value is nearly attained
for SB30 and SB40 ﬁlms within the experimental uncertainties
(Figure 4B).

■

CONCLUSIONS
Sulfobetaine-modiﬁed chitosans, as examples of polyzwitterions derived from natural resources, oﬀer several advantages.
Their preparation is straightforward, tunable in terms of the
level of SB substitution, easily performed under green
conditions in standard polymer laboratories, and amenable to
scale-up. The preliminary cell aggregate spreading studies on
CH-PC20 ﬁlms suggest that CH-SB surfaces are more eﬀective
antifouling substrates than CH-PC ﬁlms, in agreement with
trends reported for other PC/SB substrates. As materials, like
chitosan-itself, both CH-SB and CH-PC are biodegradable and
adhere strongly to hydrophilic substrates in biological media.
We observed on the basis of standard QCM-D measurements,
that the ﬁlms cast from aqueous solutions organize to expose
the nonfouling SB or PC units to the water/ﬁlm interface, a
deﬁnite advantage in biomedical applications. More generally,
we established that the spreading of cell aggregates on
nonfouling substrates provides a powerful in vitro assay of
the nonfouling characteristics. The cancer cell line used here
was selected based on its known tendency to form aggregates
that are frequently used to test cancer drugs and their
formulation in vitro. This cell line was useful to report the
nonfouling properties of CH-SB, as shown in Figure 3, but was
unable to detect diﬀerences in adhesivity between CH-SB30
and CH-SB40. By selecting a less cohesive cell line through
changes in the cadherin expression level, such as the
transfected S180 cell line used in previous studies,21,22 it may
be possible to attain a better sensitivity to subtle changes in
nonfouling characteristics.
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