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ABSTRACT: The development of nonfouling zwitterionic
materials has a wide range of biomedical and engineering
applications. This work delineates the design and synthesis of a
new zwitterionic material based on a naturally occurring
compatible solute, ectoine, which is known to possess
additional protective properties that stabilize even whole
cells against ultraviolet radiation or cytotoxins. These proper-
ties and applications of ectoine inspire us to design a functional
monomer containing the natural zwitterion moiety of ectoine
imparting nonfouling properties and the methacrylate moiety
for polymerization. The synthesis route designed for the ectoine methacrylate monomer is simple with a high yield, which is
characterized by nuclear magnetic resonance spectroscopy and mass spectrometry. After monomer synthesis, we have prepared a
poly(ectoine) hydrogel via thermal polymerization. The equilibrium water content, degree of cross-linking, mechanical strength,
and nonfouling properties are determined for polyectoine hydrogels with different cross-linking conditions. Poly(ectoine)
hydrogels are shown to have highly hydrated and excellent nonfouling properties and can be considered to be a promising
biomaterial.

■ INTRODUCTION

To survive high-temperature and high-salinity environments,
halophilic organisms tend to accumulate in a low-molecular-
weight organic compound, called ectoine, to protect their
biopolymers in the form of biomembranes, proteins, enzymes,
and nucleic acids from dehydration.1−3 Because ectoine has a
lower affinity for a protein surface than for water, ectoine
molecules are excluded from the immediate hydration shell of
the protein surface, resulting in the preferential hydration of the
protein and promoting its native conformation.4 In comparison
to other compatible solutes such as glycine betaine and proline
produced by other micro-organisms, ectoine possesses addi-
tional protective properties that stabilize even whole cells
against ultraviolet (UV) radiation or cytotoxins5−7 and also
protect the skin from the effects of UVA-induced cell
damage.8,9 These protective properties make ectoine a valuable
compound in the health care and skin care industries.
Structurally, ectoine (1,4,5,6-tetrahydro-2-methyl-4-pyrim-

idine carboxylic acid) is related to a pyrimidine derivative in
which all bonds except one double bond have been
hydrogenated (Figure 1).10 The most important characteristic
of this molecule is the delocalized π-bonding in the N−C−N
group, which results in a permanent zwitterionic structure due
to the mesomeric stabilization of the N−H protons. Ectoine
resembles a typical betaine because the center of the positive
charge lies close to carbon 2, three bond lengths from the
carboxyl carbon. It carries a low charge density due to
delocalization. This zwitterionic property of ectoine can be
potentially exploited to make zwitterionic materials. In recent
years, zwitterionic materials have been widely studied and used
for various applications such as biomedical devices, implants,

drug delivery agents, wound dressings, biosensors, and marine
coatings.11,12 Because of their excellent nonfouling properties,
zwitterionic polymers including 2-methacryloyloxylethyl phos-
phorylcholine (MPC), sulfobetaine methacrylate (SBMA), and
carboxybetaine methacrylate (CBMA) have emerged as an
important class of ultralow fouling materials. For example,
zwitterionic poly(carboxybetaine) polymers have been shown
to have ultralow protein adsorption even from undiluted blood
plasma and serum.13−16 These poly(carboxybetaine) polymers
have been shown recently to effectively enhance protein
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Figure 1. Zwitterionic structures of (a) ectoine and (b) ectoine
methacrylate monomer.
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stability and pharmacokinetics while mitigating the immune
response17,18 and resisting capsule formation.19 Zwitterionic
polymers form highly hydrated layers surrounding the opposite
charges of the zwitterionic center, rendering ultralow fouling
properties to these polymers.20 Because of these interesting
properties, any zwitterionic materials with additional functional
properties are highly desirable. There may be a plethora of
organic cationic and anionic groups that form zwitterionic
polymers, but only a few have been realized.21

The multifaceted applications and zwitterion properties of
ectoine inspired us to design some polymerizable, functional
monomers of ectoine and to prepare highly hydrated and
nonfouling zwitterionic polymers with certain unique proper-
ties. Herein, we report the synthesis of zwitterionic ectoine
methacrylate monomers starting from hydroxyectoine. The
zwitterionic ectoine methacrylate monomer has been explored
for the synthesis of zwitterionic hydrogels using standard
polymerizing conditions and for its mechanical and nonfouling
performance.

■ EXPERIMENTAL SECTION
Materials. Hydroxyectoine, trifluoromethanesulfonic acid, triethyl-

amine (TEA), methacryloyl chloride, N′,N′-methylenebis(acrylamide),
2,2′-azobis(2-methylpropionamidine) dihydrochloride, and phosphate-
buffered saline (PBS, 10 mM phosphate, 138 mM sodium chloride, 2.7
mM potassium chloride, pH 7.4) were purchased from Sigma-Aldrich
(St. Louis, MO). Trifluoroacetic acid (TFA) was purchased from TCI
America (Portland, OR). Ethyl acetate, hexane, dichloromethane
(DCM), methanol, and IRN-78 resin were purchased from Fisher
Scientific (Hampton, NH). Thin-layer chromatography (TLC) was
performed on glass plates (Whatman) coated with 0.25-mm-thick
silica gel 60 Å (no. 70-230 mesh). All 1H and 13C nuclear magnetic
resonance (NMR) spectra were recorded on a Bruker 500 MHz
spectrometer in CDCl3 unless specified otherwise, and chemical shifts
are reported in ppm (δ) relative to internal standard tetramethylsilane
(TMS). HPLC purification of ectoine methacrylate for NMR analysis
was carried out using semipreparative reverse-phase high-performance
liquid chromatography (HPLC) (5 μM particle size C18 Vydec
column, 25 × 2.12 cm2) with the following eluents: A = 0.1% TFA in
H2O and B = 0.1% TFA in CH3CN.
Synthesis of Ectoine Methacrylate Monomer. Hydroxyectoine

(2 g, 12.6 mmol) was dissolved in 8 mL of TFA with vigorous stirring
at 0 °C. After the dissolution of the starting material, trifluoro-
methanesulfonic acid (0.37 g, 2.4 mmol) was added, and the reaction
contents were stirred for 5 min. Then methacryloyl chloride (2.44 mL,
25.2 mmol) was added to the reaction mixture and stirred for 2 h.
After 2 h, 30 mL of diethyl ether was added slowly to the reaction
mixture at 0 °C to give the compound as a white powder. The crude
white solid was further crystallized with methanol/diethyl ether and
washed with diethyl ether to give the desired monomer (72% yield) as
a white solid with 75% purity along with residual unreacted
hydroxyectoine. This can be further purified by high-performance
liquid chromatography (HPLC) to give pure ectoine methacrylate. 1H
NMR (500 MHz, D2O): δ 6.07 (s, 1H), 5.7 (s, 1H), 5.59 (d, J = 2.4
Hz, 1H), 4.47 (s, 1H), 3.63 (d, J = 15.3 Hz, 1H), 3.46 (d, J = 14.95 Hz,
1H), 2.3 (s, 3H), 1.84 (s, 3H).
Preparation of the Poly(ectoine) Hydrogel. Poly(ectoine)

hydrogels were made by the thermal polymerization of an aqueous
solution composed of a 50 wt % ectoine monomer, X wt % (relative to
the weight of ectoine monomer) cross-linker N′,N′-methylenebis-
(acrylamide), and 1 wt % (relative to the weight of the ectoine
monomer) thermal initiator 2,2′-azobis(2-methylpropionamidine)
dihydrochloride. Poly(ectoine) hydrogels with three different cross-
linkers (X = 0.5, 1, 1.5) were prepared. The solution was polymerized
between glass microscope slides separated by 0.8-mm-thick polytetra-
fluoroethylene spacers at 35 °C for 2 h followed by 50 °C for 40 h.
The formed polyectoine hydrogels were soaked in PBS (0.01 M

phosphate buffer, 0.0027 M potassium chloride, and 0.137 M sodium
chloride, pH 7.4) to hydrate. The PBS was changed daily for 5 days to
remove unreacted chemicals and let the polyectoine hydrogel reach
swelling equilibrium. Afterward, polyectoine hydrogels were cut into a
rectangular shape or by a biopsy punch into disks with a diameter and
thickness of 5 mm and ∼1.5 mm, respectively.

Measurement of the Equilibrium Water Content (EWC). After
soaking in PBS for 5 days, the fully swollen hydrogel disks were
weighed and then dehydrated at 60 °C and 30 in. Hg vacuum for 3
days. Dried hydrogel disks were weighed. The equilibrium water
contents (EWC) were calculated from the following equation [(ms −
md)/ms] × 100(%), where ms is the mass of the fully swollen hydrogel
and md is the mass of the dry hydrogel.

Mechanical Test. Compressive tests were performed on the fully
swollen polyectoine hydrogel disks by a compressive mechanical tester
(Instron 5543A, Instron Corp., Norwood, MA) with a 10 kN load cell
to record the mechanical properties of the polyectoine hydrogels. The
crosshead speed was set at 1 mm/min. Care was taken to ensure that
the hydrogel disks did not slip during compression. Average data were
acquired by testing three specimens for each sample.

Enzyme-Linked Immunosorbent Assay (ELISA) Analysis.
Fibrinogen (Fg) is chosen to test the antifouling property of
polyectoine hydrogels. All samples with the same surface area
including positive control polypropylene (PP) and negative control
nonfouling poly(carboxybetaine) hydrogel (PCBH) (with 1 wt %
cross-linker N′,N′-methylenebis(acrylamide)) were first incubated
with 1 mL of 1 mg/mL Fg in PBS buffer for 1 h, followed by five
washes with pure PBS buffer. Then the samples were incubated with 1
mL of horseradish peroxidase (HRP)-conjugated antifibrinogen (1 μg/
mL) in PBS buffer for 1 h. All samples were taken out, followed by
another 5 washes with pure PBS buffer and then transferred to a new
24-well plate. o-Phenylenediamine (OPD; 1 mL, 1 mg/mL) in 0.1 M
citrate phosphate pH 5.0 buffer containing 0.03% hydrogen peroxide
was added. After an incubation of 15 min, the reaction was stopped by
adding an equal volume of 1 M hydrochloric acid (HCl). The
absorbance value at 492 nm was recorded by a plate reader. Five
specimens of each sample were averaged for comparison. The results
were then normalized to that of TCPS.

Cell Adhesion on Poly(ectoine) Hydrogels. Poly(ectoine)
hydrogel disks with 1 wt % cross-linker were soaked in 70% ethanol
for 2 h for sterilization and soaked in sterilized PBS until equilibrium.
NIH-3T3 fibroblasts were seeded onto poly(ectoine) hydrogel disks at
a concentration of 105 cells/mL. The cells were cultured at 37 °C, 5%
CO2, and 100% humidity for 72 h and then were observed and
photographed on a Nikon Eclipse TE2000-U microscope at 100×
magnification.

■ RESULTS AND DISCUSSION

Synthesis of Ectoine Methacrylate Monomer. Structur-
ally, ectoine is 1,4,5,6-tetrahydro-2-methyl-4-pyrimidine carbox-
ylic acid. Our initial strategy to synthesize this monomer
involved the search for a suitable starting material that already
contains the ectoine zwitterionic moiety with a functional
group to attach a polymerizable double bond such as acrylate or
methacrylate. Hence, we started our synthesis using 2-
hydroxyectoine that possesses both the zwitterionic moiety
and the hydroxyl group to form acrylate or methacrylate
monomers. We initially tried alkaline acylation procedures, i.e.,
Boc-protected hydroxyectoine reacted with methacryloyl
chloride in an organic solvent containing trimethylamine.
However, this worked poorly with low yields. We looked for
alternate reaction conditions where acylation could be done
under acidic conditions. Acylation under alkaline conditions
requires the protection of both amine and carboxylic acid
functionalities whereas acidic conditions would protect amines
by protonation and also prevent the deprotonation of
carboxylic acid. Hence, for hydroxyl amino acids, selective O-
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acylation can be done in one step. Very few reports on the
acidic acylation of amino acids were known until recently, when
the acylation of hydroxyproline was reported.22,23 The general
procedure involved dissolving hydroxyproline in an aqueous
acid, followed by the addition of an acylating agent to produce
the desired monomer. However, the solubility of the starting
materials in carboxylic acids resulted in low efficiency and low
yield. Recently, trifluoroacetic acid was reported as a medium
for the selective acylation of hydroxyl groups in various amino
acids. We also observed that TFA was the best solvent for
methacryloylation of 2-hydroxyectoine. The synthesis of
ectoine methacrylate is shown in Scheme 1 as follows.

Treatment of a concentrated solution of 2-hydroxyectoine in
TFA with 2 equiv of methacrylyoyl chloride gave the desired
ectoine methacrylate with 55% purity. There was no change in
conversion with an increase in either the acyl chloride content
or the reaction time. Hansen et al. reported the increase in
acylation of hydroxyproline by increasing the acylating power of
the medium by adding a catalytic amount of trifluoromethane-
sulfonic acid (TFMSA).23 Similarly, the addition of 4 wt %
TFMSA in TFA increased the yield of ectoine methacrylate to
72%. Further crystallization with methanol/diethyl ether
followed by washing with diethyl ether gives the solid ectoine

methacrylate monomer with 75% purity along with residual
unreacted hydroxyectoine. Although this monomer can be
further purified by high-performance liquid chromatography
(HPLC) to give pure ectoine methacrylate, it can be directly
used for hydrogel preparation without further purification
because residual unreacted hydroxyectoine will not participate
in reactions. The product is confirmed by NMR spectroscopy
(Figure 2). The protocol for selective O-acylation of hydroxy-
ectoine on the basis of acidic acylation is simple and effective
for making ectoine methacrylate in one step. Usually it requires
tedious organic chemistry with multistep synthesis to produce
these monomers.

Preparation and Characterization of Poly(ectoine)
Hydrogels. Over the past few decades, there has been
extensive effort in the development and application of
polymeric biomaterials.24 Polymeric hydrogels have been
studied extensively because of their high water content,
biocompatibility, and tunable mechanical properties similar to
tissue components in the body.25,26 Here, the ectoine
methacrylate monomer is thermally polymerized into poly-
(ectoine) hydrogels. Their hydration, mechanical, and bio-
logical properties are measured.

Hydration and Mechanical Properties. The high water
content of hydrogels makes them attractive for biological
applications because this water content often mirrors that of
biological tissues.27,28 The equilibrium water content (EWC) of
poly(ectoine) hydrogels is shown in Figure 3a, where EWC is
calculated on the basis of the mass of dry and swollen
hydrogels. As expected, the electrostatic interactions of ectoine
create strong hydration, resulting in high water content within
the system of poly(ectoine) hydrogels. An increase in cross-
linker content decreases the degree of swelling hydrogels. For
poly(ectoine) hydrogels with a cross-linker of 0.5 to 1.5 wt %,

Scheme 1. One-Step Synthesis of the Ectoine Methacrylate
Monomer

Figure 2. NMR spectrum of ectoine methacrylate.
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EWC decreases from 94 to 85%, which is in a range suitable for
biological tissues.29

The mechanical properties of poly(ectoine) hydrogels were
measured via compression tests. The compressive stress,
compressive strain at the fracture point, and compressive
modulus are shown in Figure 3b−d, respectively. Similar to
regular hydrogel systems, low cross-linking restricts the relative
motion of polymer chains but maintains enough freedom for
segments to enable deformation in the hydrogel system. With
the increased cross-linking density from 0.5 to 1.5 wt %, the
fracture compressive strain decreases from 0.85 to 0.64. The
hydrogels become more rigid when the modulus increases from
139 to 172 kPa. Interestingly, the fracture compressive stress
exhibits a similar value of ∼300 kPa within the studied range of
teh cross-linking density. Note that the fracture compressive
stress of poly(ectoine) hydrogels is better than that of other
types of zwitterionic hydrogels with a methacrylate backbone
under the same cross-linker content.30−32 The good fracture
compressive stress of poly(ectoine) hydrogels is similar to that
of the previously reported sulfobetaine vinylimidazole (PSBVI)
hydrogel,31 where the introduction of the stiffening imidazole
ring improves the mechanical properties of regular sulfobetaine
hydrogels with a methacrylate backbone by an order of
magnitude. The good fracture compressive stress of poly-
(ectoine) hydrogels may be attributed to the ring structure of
ectoine that is believed to provide some rigidity similar to the
effect of vinylimidazole in the PSBVI system. The mechanical
properties of poly(ectoine) hydrogels presented above
demonstrate their potential applications in soft tissue engineer-
ing.33

Biological Properties. Hydrogels are often exposed to
complicated environments, where hydrogels are considered to
be foreign matter, leading to a series of undesired
complications. For example, when in contact with whole
blood, blood proteins and cells immediately attach to the
surface of hydrogels, followed by clotting factor activation,
platelet adhesion, activation and aggregation, and ultimately
thrombus formation. Because protein adsorption is the first
stage of undesired complications, it is important that

biomaterials should be able to effectively resist nonspecific
protein adsorption. Herein fibrinogen, a blood protein known
to easily adsorb onto various surfaces through nonspecific
interactions, is used to test the protein adsorption of
poly(ectoine) hydrogels. The surface adsorption of fibrinogen
was quantified by an enzyme-linked immunosorbent assay
(ELISA) method, and the results are shown in Figure 4. All

three tested poly(ectoine) hydrogels with cross-linker contents
of 0.5, 1, and 1.5 wt % exhibit excellent nonfouling properties
closer to those of PCBH by decreasing 97.0, 95.8, and 95.6% of
the fibrinogen adsorption, respectively, with respect to that of
polypropylene (PP). This finding indicates that zwitterionic
poly(ectoine) hydrogels possess certain biological characterstics
that effectively resist nonspecific protein adsorption, in
agreement with typical zwitterionic polymers.12

Moreover, fibroblast NIH-3T3 cells, one of the most
frequently used lines, were selected for the cell adhesion test
of poly(ectoine) hydrogels. Figure 5 shows both cell adhesion

behaviors before and after rinsing. Before rinsing, NIH-3T3
cells cannot attach to the surface of the poly(ectoine) hydrogel
and tend to form cell aggregates. Conversely, NIH-3T3 cells
can recognize and bind to the TCPS surface via nonspecific
adhesion, resulting in spreading with the extension of thin
pseudopodia. After rinsing, all of the aggregated cells are
washed away on the surface of the poly(ectoine) hydrogel but
still bind strongly to that of TCPS. The nonfouling properties

Figure 3. Hydration and mechanical properties of poly(ectoine)
hydrogels: (a) Equilibrium water content of poly(ectoine) hydrogels
with different cross-linker amounts (0.5, 1, and 1.5 wt %). (b−d)
Compressive stress, compressive strain at the fracture point, and the
compressive modulus of the poly(ectoine) hydrogel with different
cross-linker amounts (0.5, 1, and 1.5 wt %), respectively.

Figure 4. Relative fibrinogen adsorption of poly(ectoine) hydrogels
with different cross-linker amounts (0.5, 1, 1.5 wt %) from ELISA. The
PP sheet and PCBH were used as positive and negative controls,
respectively. Data were normalized to that of PP.

Figure 5. Phase-contrast images of NIH-3T3 cells adhered on TCPS
and polyectoine hydrogel surfaces after 3 days of culturing. Cells
adhered with a large quantity and spread by extending thin
pseudopodia on the surfaces of TCPS before (a) and after rinsing
(c). However, cells could not adhere to but aggregated on the
poly(ectoine) hydrogel surface before rinsing (b) and were completely
washed away after rinsing (d).

Langmuir Article

DOI: 10.1021/acs.langmuir.7b02434
Langmuir 2017, 33, 11264−11269

11267

http://dx.doi.org/10.1021/acs.langmuir.7b02434


of the poly(ectoine) hydrogel are responsible for the formation
of cell aggregates on its surface. NIH-3T3 cells migrating to the
surface of the poly(ectoine) hydrogel need to establish focal
contacts with the neighboring matrix. However, NIH-3T3 cells
cannot adhere to the poly(ectoine) hydrogel. Therefore, they
establish cell contacts only with the poly(ectoine) hydrogel to
form cell aggregates. The nonfouling properties of the
poly(ectoine) hydrogel are similar to those of zwitterionic
PCBH.34

■ CONCLUSIONS
We have synthesized a novel polymerizable, zwitterionic
ectoine methacrylate monomer via acidic acylation of 2-
hydroxyectoine. Because this monomer can be easily
synthesized in a single step and no complicated organic
chemistry is involved, the synthetic route can be easily scaled
up to produce a large amount of ectoine methacrylate required
for polymerization. To demonstrate its potential application as
a biomaterial, the ectoine methacrylate monomer was
polymerized into poly(ectoine) hydrogels. Poly(ectoine)
hydrogels exhibited similar high water content and better
mechanical properties than regular zwitterionic hydrogels. It
also exhibited excellent nonfouling properties with 95% lower
nonspecific protein absorption with respect to polypropylene
closer to that of zwitterionic PCBH. In addition, the
poly(ectoine) hydrogel is also shown to resist cell adhesion.
All of these results indicate that poly(ectoine) has great
potential as a new biomaterial.
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