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ABSTRACT: In an attempt to generate supramolecular assemblies able to function as self-healing hydrogels, a novel ureido-

pyrimidinone (UPy) monomer, 2-(N 0-methacryloyloxyethylureido)-6-(1-adamantyl)-4[1H]-pyrimidinone, was synthesized and then

copolymerized with N,N-dimethylacrylamide at four different feed compositions, using a solution of lithium chloride in N,N-dime-

thylacetamide as the polymerization medium. The assembling process in the resulting copolymers is based on crosslinking through

the reversible quadruple hydrogen bonding between side-chain UPy modules. The adamantyl substituent was introduced in order to

create a “hydrophobic pocket” that may protect the hydrogen bonds against the disruptive effect of water molecules. Upon hydration

to equilibrium, all copolymers generated typical hydrogels when their concentration in the hydrated system was at least 15%. The

small-deformation rheometry showed that all hydrated copolymers were hydrogels that maintained a solid-like behavior, and that

their extrusion through a syringe needle did not affect significantly this behavior, suggesting a self-healing capacity in these materials.

An application as injectable substitutes for the eye’s vitreous humor was proposed. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014,

131, 39932.
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INTRODUCTION

The strategies to induce the ability for self-repair in damaged

materials have become an established field of research. Taking

the formation of cracks and the ensuing fracture as a damage

model, there are two paradigms along which this subdiscipline

of materials science has been progressing.1 The “damage pre-

vention” paradigm is based on generating microstructures that

are able to oppose the onset and/or the progress of damage. To

this end, conventional techniques (welding, patching, or addi-

tion of new material) have been employed to repair visible or

detectable damage. A drawback is that as soon as the damage

has occurred, it will propagate into the bulk of material where

remains undetectable, no longer responds to external interven-

tion and, upon further exposure to load, will lead ultimately to

catastrophic failure.

In biological systems any damage triggers a healing response,

which is mediated through physiological processes leading to

remodeling and regeneration of the damaged tissue. Despite its

complexity, the natural self-healing process may serve as inspi-

ration for designing a similar process in artificial systems.2–5

Additional Supporting Information may be found in the online version of this article.
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The paradigm of “damage management”1 is based on the con-

cept that if the damage is opposed by an independent and

spontaneous process leading to its removal or repair the damage

will no longer be permanent. This concept defines the scope of

the self-healing materials research.

A number of informative reviews5–11 are available on re-

mendable and self-healing polymers. Formation of supramolec-

ular polymer networks via noncovalent interactions constitutes

one of the systems leading to self-healing polymers.5,8,9 The

self-healing ability is an inherent consequence of the reversibility

of noncovalent bonds. To this aim, the multiple-point hydro-

gen-bonding motifs have been widely used12–28 to generate

supramolecular networks through a self-assembling process. In

the absence of water, the self-healing ability of hydrogen-

bonded systems can manifest, for instance, upon heating, when

the hydrogen bonds dissociate and the system is no longer

supramolecular. As the system becomes fluid at this stage, any

pre-existing damage is obliterated. Upon cooling down to the

ambient temperature, the hydrogen bonds are reformed and the

system becomes again a supramolecular solid, with no

“memory” of the previous damage.

We are currently investigating supramolecular hydrogels as self-

healing materials. While some of these hydrogels can be respon-

sive to temperature or to pH, our interest is in those hydrogels

where the only external action needed to accomplish the self-

healing process would consist of bringing the fractured ends of

the hydrogel into mutual contact, when the hydrogen bonds are

expected to be restored. A process that does not require external

stimuli is commonly called “autonomic” self-healing. While the

presence of water is both unavoidable and necessary, as it

defines the state of hydrogel, the self-healing can occur in a

hydrated polymer if the competition by water molecules is pre-

vented or reduced. Indeed, the hydrogen bonds are strongest in

low-polarity solvents, while in the presence of protic solvents

(water, alcohols), they can be weakened and eventually dis-

rupted due to association and/or exchange events that involve

the hydrogen atoms participating in the initial hydrogen bond.

The molecules containing oxygen atoms (strong acceptors for

hydrogen) and reactive hydrogen atoms (able to participate in

proton exchange) are well-known destabilizers for the hydrogen

bonds. The effect of water can be diminished by using multiple

hydrogen-bonding motifs characterized by a high dimerization

affinity,29 and may additionally be reduced by shielding the

hydrogen bonds with alkyl substituents, thus creating protective

“pockets” (or “microdomains”).20 This approach, in which the

hydrophobic interactions may also play a role, was effective in

low molecular weight gelators (LMWGs),30–42 and also in short

supramolecular polymers soluble in both water and organic

solvents.43

Our interest in a self-healing hydrogel has been triggered by the

need for an artificial substitute for the eye’s vitreous body

(humor). Such a material is mainly required in the treatment of

the vitreoretinal pathological conditions, where it has to rein-

state or enhance the tamponade against a detached retina. A

large number of materials have been proposed and evaluated,44–46

but the progress was frustrated due to an insuperable problem:

the only surgically acceptable procedure to insert a material

into the vitreous cavity is the injection through small-gauge

needles. When a gel in the syringe’s barrel (large diameter) is

injected, it undergoes mainly stretching flow while still in the

large cylinder, but when is extruded through the needle (very

small diameter) it is subjected to considerable hydrodynamic

stress generating strong shear and extensional flow components

and leading to gel’s fragmentation when a critical value is

exceeded. We have shown47,48 that a fragmented gel cannot

assure the necessary tamponade effect in the vitreous cavity,

and also triggers an intensive phagocytic activity resulting in

vacuolization and further fragmentation of the gel particles,

leading ultimately to the opacification of the whole material.

Using a self-healing hydrogel will not prevent its fragmentation

caused by injection, but it is expected that the particles will not

persist long enough to be phagocytized as individual entities, as

they will assemble again through hydrogen bonding and regen-

erate either a continuous gel or a viscoelastic fluid.

To this aim, we are developing self-healing hydrogels as vitreous

substitutes using the quadruple hydrogen-bonding motif intro-

duced by Meijer’s group,29,49–56 which is based on 6-substituted

2-ureido-4[1H]-pyrimidinone (henceforward UPy) [Figure 1(a)].

The homodimerization by self-complementary hydrogen bonding

of the p-quinonoid tautomers of UPy results in an AADD-DDAA

array (where A and D denote hydrogen acceptor and donor,

respectively), as shown in Figure 1(b), which can lead to the

strong self-assembling of the “monomers” containing this motif

to form supramolecular polymers. In our endeavour, we opted

for a “side-chain approach,” where the main chain is a covalent

copolymer of a hydrogel-generating acrylic monomer and a

methacrylate-functionalized UPy derivative. The pendant UPy

modules will dimerize via hydrogen bonding to generate nonco-

valent crosslinks between two covalent main chains, leading to

supramolecular networks.

In the present study, we describe a system where the main chain

has resulted by copolymerizing N,N 0-dimethylacrylamide with a

methacrylate-functionalized UPy in which the 6-substituent is

adamantyl [Figure 1(c)]. The focus of our study is on the prep-

aration and properties of this novel monomer and its capacity

to generate hydrophobic pockets that may be effective in assur-

ing the survival of hydrogen bonds in aqueous media, which

should be consequently reflected in the rheological behavior of

the resulting hydrogel.

EXPERIMENTAL

All reagents and solvents, the instruments used in this study, as

well as the synthetic procedures, yields and analysis of com-

pounds 2, 3 and the monomer 2-(N 0-methacryloyloxyethylur-

eido)-6-(1-adamantyl)-4[1H]-pyrimidinone (4) are detailed in

the Supporting Information; 2,7-bis(dodecanoylamino)-1,8-

naphthyridine (compound 5 in Scheme 1)57 was a gift from the

Eindhoven University of Technology, The Netherlands. Details

of the copolymerization of monomer 4, size exclusion chroma-

tography and rheology of copolymers, and evaluation of mono-

mer content in copolymers are also given in the Supporting

Information. Throughout this report, all percentage concentra-

tions or composition ratios were expressed by weight (w/w),

unless otherwise specified.
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Copolymerization of Monomer 4 with N,N-

Dimethylacrylamide (DMAA)

Compound 4 displayed very low solubility in the common

organic solvents. In N,N 0-dimethylacetamide (DMAc), our sol-

vent of choice for performing the polymerization, the solubility

of monomer 4 was lower than 0.2 mg in 1 mL solvent. To

enhance this value, we dissolved lithium chloride, LiCl, in

DMAc and used this solution as a polymerization solvent. The

lithium salt was purified according to a published method.58

The maximum solubilization effect was achieved with solutions

of 6% of LiCl in DMAc. Four copolymers were synthesized at

four different feed concentrations (1.5, 3.0, 4.5 and 5.9%) of the

comonomer 4 in DMAc-LiCl.

RESULTS AND DISCUSSION

Synthesis of Compound 3

Our route to the adamantyl-substituted pyrimidinone 3 was dif-

ferent from that reported by another group,59,60 where the reac-

tion was carried out in the presence of stoichiometric amounts

of potassium tert-butoxide. Because this procedure required an

additional step (evaporation of ethanol under reduced pressure)

and considering that the reported yield (41%)60 was not partic-

ularly high, we decided to follow the classic method, notwith-

standing the existence of other reports on the alkoxide

method.61–66 The method we used in this study was reported

for the first time in 1886 by Behrend,67,68 and employed subse-

quently with satisfactory yields.50,69–75 The global yield of the

reaction can be improved by assuring propitious conditions for

enhanced recovery of the precipitate, e. g. low temperatures

during filtration and washings, and additional recovery of pre-

cipitate from the first-run filtrates by re-precipitation with large

amounts of water. However, the latter is a rather tedious opera-

tion and perhaps not justified in view of the benefit.

Synthesis of Monomer 4

To our knowledge, the compound 4 has not been previously

reported. A number of articles report the synthesis of a

methacrylate-functionalized UPy (the 6-methyl substituted

derivative) starting from isocyanatoethyl methacrylate

(ICEMA).76,77 The two reported procedures differed from each

other although both originated in the same laboratory. In the

first version,76 ICEMA was added at once over a solution of

pyrimidinone in dimethyl sulfoxide (DMSO) heated to 170�C, a

method used subsequently by others.78 In the second version,77

all reactants were added at the beginning in DMSO and heated

to 150�C.

In our procedure, ICEMA was added dropwise while maintain-

ing a relatively constant temperature in the reaction mixture,

which was significantly lower than those in the mentioned

methods. Thus, we maintained an excess of amine reactant

(the pyrimidinone) over the isocyanate reactant, such assuring

a rapid consumption of the latter, and also avoiding uncon-

trolled exothermal temperature bursts. Phenothiazine (PTZ)

(200 ppm) was added to ICEMA as a polymerization inhibitor,

while hexamethylenetetramine (HMTA) (20 ppm) was added

Scheme 1. Synthetic routes and compounds.

Figure 1. Structures of 6-substituted 2-ureido-4[1H]-pyrimidinones (a),

their hydrogen-bonded homodimer array (b), and 2-(N 0-methacryloylox-

yethylureido)-6-(1-adamantyl)-4[1H]-pyrimidinone (c). [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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to the reaction mixture with the dual purpose of preventing

coloration (due to PTZ) and acting as a catalyst for the reac-

tion between amine and isocyanate groups. The complete

removal of DMSO traces from the final product proved to be

inordinately challenging and required washing with large vol-

umes of methanol and acetone followed by prolonged drying

in vacuum.

Solubilization of Monomer 4

A known problem with the UPy derivatives is their low solubil-

ity in common solvents, which is important for their polymer-

ization. Taking advantage that monomer 4 is an amide, we used

a solubilization system which is also used for the dissolution of

peptides. The salt-mediated solubilization of amino acids and

polypeptides was first recognized long ago by Pfeiffer.79–81 Some

alkaline and alkaline earth metal salts have solubilizing effects

when present as solutes in the dissolving medium, and lithium

halides proved to be the most powerful solubilizing agents not

only for peptides and proteins, but also for other biopolymers

(e. g. polysaccharides), synthetic polymers and nonpolymeric

organic compounds.82–89 Studies by IR, UV and 1H NMR spec-

troscopies90–93 indicated that Li1 ions interact with the amide

groups by binding preferentially to the carbonyl oxygen, and

Li�����(O)4 tetrahedral complexation was suggested. The com-

plexation can disrupt the interchain associations in polymers,

such enhancing their solubility. In particular, the LiCl-DMAc

solvent system has shown a high solubilizing potential for com-

pounds containing the amide group. This is a situation where

LiCl causes the enhancement of solubilization in a solvent

which contains the same functional group as the compound to

be solubilized.94

In our experiments, we used a solution of LiCl as the polymer-

ization medium. At a concentration of 6% LiCl in DMAc, the

solubility of monomer 4 increased from <0.2 mg/mL to >50

mg/mL.

Supramolecular Polymerization

The supramolecular hydrogel investigated here belongs to the

class of “closed supramolecular assemblies” as defined by

Ciferri.95–97 In such systems, two covalent polymer chains, or a

chain and other covalent molecules (e. g. in the case of

host-guest assemblies), are associated through noncovalent

interactions through side-chain modules, in this instance

hydrogen-bonding motifs. Such systems were alternatively called

“crosslinked networks of side-chain polymers,”13 “side-chain

hydrogen-bonded polymers,”15 or “supramolecular polymer

networks,”98 and they do exist in nature (e. g. DNA).99 The

synthetic closed supramolecular assemblies have been pioneered

by Kato and Fr�echet.100–102 More recently, such systems have

been studied as LMWGs103 or as crosslinked supramolecular

polymers.98,104 In the “open supramolecular assemblies,” also

termed “linear supramolecular polymers,”98 which have been

studied to much greater extent, the addition of successive

repeating covalent chains proceeds by intermolecular noncova-

lent end-to-end aggregation in a manner reminiscent of the

molecular covalent polymerization.

It should be mentioned that the 6-methyl analogue of the

monomer 4 has been used to create supramolecular polymers

based either on side-chain crosslinking76–78,105,106 or on end-to-

end association.107–109 The systems described in these reports

were not hydrogels, and their rheological behavior was investi-

gated in melts or non-aqueous solutions with the aim to

improve their processing.

In the copolymer of N,N 0-dimethylacrylamide (DMAA) with

monomer 4, discussed here, the intermolecular (and intramolec-

ular) hydrogen bonding is the driving force for the self-

assembling process that leads to a supramolecular hydrogel

(Figure 2). The hydrogen bond is remarkable through its speci-

ficity (i.e., it forms only when an H atom bound to an electro-

negative atom interacts at the same time with another

electronegative atom that has a lone pair of electrons), its direc-

tionality (i.e., it is stronger when the H atom is aligned with

the two electronegative atoms), and its dynamic nature. This

notwithstanding, the hydrogen bonds lose strength during

hydration and may even be disrupted. We introduced a bulky

adamantyl substituent in the UPy comonomer 4 with the aim

of creating a hydrophobic structural milieu able to shield the

hydrogen bonds from the water molecules.

Heterodimerization with 2,7-Bis(dodecanoylamino)21,8-

naphthyridine (5)

To characterize the copolymers of DMAA with 4 by routine

techniques (SEC, NMR) or to determine the comonomers’ reac-

tivity ratios proved to be tasks of inordinate difficulty due to

the poor solubility of the copolymers in common solvents and/

or to the low amount of comonomer 4 that could be incorpo-

rated in the feed (because of its limited solubility). The solid

state 13C NMR spectroscopic analysis of the copolymers swollen

in D2O resulted in signals corresponding exclusively to DMAA.

In the dried copolymers, only the signal corresponding to the

endocyclic alkylidene carbon at 106 ppm was observed beside

the DMAA signals.

Figure 2. Structure of the supramolecular crosslinking unit in poly{N,N 0-

dimethylacrylamide-co-[2-(N 0-methacryloyloxyethylureido)-6-(1-adamantyl)2

4[1H]-pyrimidinone]}.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.3993239932 (4 of 12)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


The 2,7-diamido-1,8-naphthyridines have been used successfully

to investigate the competitive binding behavior of the molecules

able to generate multiple-hydrogen dimmers.55,57,110–118 Corbin

and Zimmerman were the first to show110 that these molecules

were able to disrupt certain quadruply hydrogen-bonded homo-

dimers and generate heterodimers through strong selective

association processes and despite unfavorable secondary

hydrogen-bond interactions. In the present study, we made use

of this capability of the naphthyridines in order to estimate the

proportion of monomer 4 which was covalently incorporated in

the copolymer.

We investigated the naphthyridine 5 as a possible “solubilizing”

agent that would enable the spectrometric quantification of the

UPy moieties incorporated in copolymers. Compound 5 exhib-

its poor solubility in water but is soluble in chloroform.

The addition in excess of 5 to homodimer 4-4 in CDCl3 will

result in formation of 4–5 heterodimers by the disruption of

the homodimers via an ADDA-DAAD hydrogen bonding array,

as shown in Scheme 2. The solubilization of gels is an indirect

proof that in nonpolar organic solvents such as chloroform the

existence of hydrogen bonds is responsible for the maintenance

of a gel state. The process leads to the dissolution of gels, thus

allowing their characterization by 1H NMR spectroscopy.

A typical spectrum of the heterodimer system is shown in

Figure 3. The signals at 8.2 and 8.5 ppm correspond to the aro-

matic protons “b” and “c” in 5, which is in excess. Either “b”

or “c” was employed as an internal standard and normalized to

an integral value of 2, as each signal corresponds to two

protons. The signal at 5.85 ppm corresponds to the alkylidene

proton “a” at position C-5 in the pyrimidine heterocycle in

compound 4, and was integrated with respect to “b” (or “c”) to

result in values for IU in eq. (1), which was used to calculate

the mass fraction XU of comonomer 4 in the copolymers.

X U 5IU cN V N MU=wpol (1)

Here, IU is the integral of signal corresponding to protons “a”

when the integral of proton “b” (or “c”) is normalized to 2;

cN is the concentration of the solution of 5 in CDCl3 (in this

case 0.01M); VN is the volume of solution of 5 required to solu-

bilize a polymer sample of weight wpol; and MU is the molar

mass of comonomer 4.

The results are included in Table I. The concentration of como-

nomer 4 was lower in the experimentally determined composi-

tion than in the feed composition: �1% versus 1.5% (A), �2%

versus 3% (B), �3% versus 4.5% (C), and �4% versus

5.9% (D).

Rheological Evaluation of the Self-Healing Capacity of

Copolymers

Small-deformation rheometry is an essential tool in assessing

and developing self-healing gels. Oscillatory shear experiments

can reveal the dynamic mechanical properties of a gel (hydrogel,

organogel) and may also serve as means not only to demon-

strate the gel character, but also to confirm its self-healing char-

acteristics (if the case). Essentially, the small deformations allow

the properties of a sample to be measured without altering the

structure of the material being tested. The result of such experi-

ments, known as dynamic mechanical spectra, are plots of the

real (G 0, the storage or elastic modulus) and imaginary (G 00,
the loss or viscous modulus) parts of the complex dynamic

shear modulus (G*) versus frequency (m) or angular frequency

(x) of the oscillatory stress, usually displayed logarithmically.

Based on Ross-Murphy’s proposal,119–121 which has become a

rheological criterion for defining the state of a gel,122 it is com-

monly accepted that in gels where the bonds have a permanent

character, G 0(x) and G 00(x) show little dependence on frequency

and always G 0(x)>G 00 (x), while in gels where the bonds have

a temporary character (e. g. reversible bonds), there is a G 0-G 00

crossover marking the sol-gel transition, while G 0(x)<G 00 (x)

(indicating free-flowing fluid) at low frequencies and

G 0(x)>G 00 (x) (indicating resilient gel) at high frequencies.

The dynamic mechanical spectra in Figure 4 represent the evo-

lution of G 0 and G 00 as a function of the angular frequency of

the oscillatory stress applied. Based on the above considerations,

these spectra show that, within a frequency range between 0.1

Scheme 2. Disruption of homodimer 4-4 and formation of heterodimer 4–5. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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and 100 rad/s, the copolymers are in a gel state and display

solid-like behavior, both at the lowest (�1%, copolymer A) and

the highest (�4%, copolymer D) contents in comonomer 4,

such indicating that the hydrogen bonding that is responsible

for the formation of hydrogels has a permanent character. This

assertion is valid at the concentrations of solid matter in hydro-

gels which were used in our assessment (i.e., 15% or higher).

To prove that the crosslinking through hydrogen bonds indu-

ces the formation of gels, we synthesized the uncrosslinked pol-

y(N,N 0-dimethylacrylamide) homopolymer and hydrated it at

a concentration of 15% in water. The dynamic mechanical

spectrum (Figure 5) indicates unequivocally a liquid-like

behavior even in the absence of a shear-induced breakdown.

To assess the self-healing properties of the hydrated copolymers,

the resulting hydrogels were extruded by injecting them through

a 22-gauge (ID 5 0.394 mm) syringe needle and then subjected

to a fixed strain amplitude in the rheometer, at an angular fre-

quency of 10 rad/s for 15 min. Samples A and D showed

remarkable recovery following their extrusion through the nee-

dle (Figure 6). The slight increase of G 0(t) for the samples

before and after being injected can be interpreted as a proof of

recovery of the original mechanical properties of hydrogels after

cessation of shear stress. This indicates that the shear stress gen-

erated upon injection did not affect significantly the network

structure of hydrogels, likely as a result of the restoration of

hydrogen bonds and the consequent re-assembling of the gel

particles. Such behavior can be regarded as a valid experimental

proof for the self-healing capacity of the copolymers. A higher

content of comonomer 4 in copolymers leads to more extensive

hydrogen bonding and consequently to stronger gel networks.

Certain damage to the network is induced by the injection pro-

cess, which is seen as a drop in the magnitude of G 0 and is

especially significant in the copolymer with a higher content in

Figure 3. Selected region in the 1H NMR spectrum of a copolymer (sample B) treated with excess of 2,7-bis(dodecanoylamino)21,8-naphthyridine (5)

in CDCl3. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table I. Formulation, Composition, and Molar Mass of the Copolymers of DMAA with Monomer 4

Monomer 4 in the
feed

Content of 4 in
copolymera

Sample % wt % mol % wt % mol Mn
b x 1023 (g/mol) Mw

b x 1023 (g/mol) Mw/Mn

A 1.5 0.38 1.02 0.25 442.3 905.9 2.05

B 3.0 0.76 1.93 0.48 493.8 974.4 1.97

C 4.5 1.14 3.01 0.76 525.0 1125.0 2.14

D 5.9 1.52 4.02 1.03 424.0 992.1 2.34

a Estimated by the 1H NMR analysis of the heterodimers formed with compound 5.
b Determined by SEC.
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4 (sample D), but the material recovers well and maintains the

character of a resilient gel. Figure 6 also shows that less hydro-

gen bonding in sample A is related to less network character,

leading to a much lower magnitude of the elastic modulus as

compared to that of sample D, and to almost identical values

before and after injection. Clearly, sample A tends to behave

like a viscous fluid.

Brief Overview of Contact Self-Healing Hydrogels

It is the inherent nature of hydrogels that makes the study of

self-healing hydrogels both specific and unique. We should

recall that a gel can be defined as a state of matter consisting of

a solid network which is able to entrap and retain large

amounts of a liquid. The solid is generally insoluble in the pen-

etrating liquid (although gels can be also generated by cooling

diluted solutions). Thomas Graham introduced the term

“hydrogel” for the silicic acid jelly formed in water,123 and the

term was extended to all gels that retain water.

There is no review published on self-healing hydrogels despite of

a respectable number of published reports about the hydrogels

able to display self-healing characteristics. As a notable excep-

tion, the self-assembling peptide-based hydrogels have been

comparatively widely studied. Their formation is a result of a

variety of physical interactions (hydrophobic, ionic, hydrogen

bonds), and some of these hydrogels are able to re-assemble

after shear-induced breakdown.124–136

It is worth to briefly summarize the main reported attempts to

generate synthetic self-healing hydrogels. The first self-healing

hydrogel ever reported was obtained by Schultz and Myers137

by mixing aqueous solutions of sodium borate and poly(vinyl

alcohol) (PVA). This was based on the well known complexa-

tion of monoborate ion, B(OH)4
–, with polyhydroxylic com-

pounds,138–140 leading to the formation of reversible dipolar

crosslinks that involve tetrahedral boron. Although the borate-

hydrogels of PVA have been studied extensively,141–152 an appli-

cation based on their self-healing ability is yet to be reported.

Varghese et al. have shown153 that certain hydrogels made by

polymerization of N-acryloyl amino acids containing a hydro-

phobic alkylene chain (longer than C5) between the N atom

and the carboxyl group can display self-healing characteristics.

When two pieces of hydrogel were immersed in a solution of

Figure 5. Dynamic mechanical spectrum of hydrated uncrosslinked

poly(N,N 0-dimethylacrylamide) homopolymer. The polymer content was

15%.

Figure 6. Variation with time of the storage modulus in the hydrogels

A and D before and after extrusion through a 22-gauge syringe needle.

The polymer content was 15%, and the frequency of the oscillatory shear

stress was 10 rad/s.

Figure 4. Dynamic mechanical spectra of the hydrated copolymers A

(a) and D (b). The polymer content was 15%.
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CuCl2 and brought into mutual contact, they joined together in

a process thought to be a metal–ion-mediated complexation

through Cu21-carboxyl oxygen atoms dipolar (coordinative)

crosslinks between two polymer chains. Similar systems based

on ion-mediated dipolar crosslinks have been also reported.154

Phadke et al. also reported155 that the self-healing process could

be achieved in covalently crosslinked hydrogels based on

acryloyl-6-aminocaproic acid (C6) without the intervention of

metal ions, through hydrogen bonding between the amide and

carboxyl groups. However, the process was effective only at

pH� 3, which restricts significantly the applications of these

hydrogels as biomaterials.

Self-healing properties have been demonstrated156–158 in poly(-

ethylene glycol) (PEG)-silicate “nanocomposites.” The reversible

crosslinking of PEG chains occurred via ionic interactions

induced by the silicate lamellar nanoparticles (LaponiteVR , a syn-

thetic silicate “clay” available commercially) through a mecha-

nism not fully understood.157 In systems developed

subsequently along the same idea, poly(sodium acrylate),

Laponite
VR

and PEG-based dendrons possessing peripheral

charged guanidinium groups were mixed in water and afforded

re-mending hydrogels.159 These developments were likely

inspired by previous work on hydrogels based on poly(N-iso-

propylacrylamide) and a synthetic silicate clay (hectrite).160

An interesting self-healing system was reported161 where the

water was not detrimental to the hydrogen bonding process,

actually being essential for hydrogelation, which has been

explained through the chlorine-mediated hydrogen bonds

between the polymer chains and water. Recently, self-healing

hydrogel films have been created by the alternating layer-by-layer

deposition of a covalently crosslinked anionic polymer (as a

“microgel”) and a cationic polymer containing quaternary amine

moieties.162 Hydrogels have been also reported where the self-

healing characteristics appeared to be imparted by hydrophobic

interactions.163–166 Other re-mendable hydrogels can result from

a process of molecular recognition in cyclodextrin systems.167

Open supramolecular assemblies based on UPy–end-

functionalized PEGs have been recently developed as potential

self-healing hydrogels.168 Alkyl segments (C6 to C12) were

inserted between UPy and additional ureido moieties to provide

hydrophobic pockets and to promote lateral hydrogen bonding.

At concentrations higher than 10% in water, the materials dis-

played gel-like rheology below 40�C. These transient hydrogels

displayed nanofibrous structure and eroded in water relatively

fast. Their erodibility, likely due to a progressive solubilization,

was seen as an advantage when used as carriers for sustained

drug delivery despite of a fast release rate. A hydrogel loaded

with a bioactive protein (BMP7) was implanted in the rat kid-

ney; after 7 days, there was no hydrogel left and the protein had

been delivered in an active state. In another reported PEG-

based open supramolecular assembly,169 the hydrophobic shield-

ing of the UPy-based hydrogen bonds was assured through

isophorone groups. The resulting hydrogel was not injectable,

but showed the capacity to re-mend upon pressure contact.

Recently, a self-healing-like approach has been suggested for

vitreous substitution.170 It is based on aqueous solutions of two

polymers that, upon mixing, form a hydrogel through

host-guest assembling between a polymeric b-cyclodextrin and a

sulfonated acrylamide copolymer.

Significance of the Hydrogels Reported in this Study

It is obvious from the above brief overview, where we choose

to be illustrative rather than comprehensive, that current

research is mainly focused on the hydrogels that can self-heal

by physical contact. Although involving a variety of non-

covalent interactions, only two of the reported hydrogel sys-

tems168,169 were based on self-assemblies induced by multiple-

point hydrogen-bonding motifs, and only one was devel-

oped168 as an implantable biomaterial. The other systems do

not appear suitable as biomaterials; they are not injectable

either.

The hydrogels described in the present study are transparent

and can be injected through a syringe needle without losing

their rheological characteristics or transparency, similar to

those recently described elsewhere.168 This behavior is a proof

that the multiple hydrogen bonds in the self-assembled copoly-

mers can be shielded effectively by the hydrophobic bulky ada-

mantyl substituent, leading to the retention of the character of

a gel (or of a viscoelastic fluid) if the amount of hydration

water is not excessive. Such hydrogels can potentially function

as vitreous substitutes in the vitreous cavity where the amount

of water is limited and physiologically controlled. After admin-

istration through injection in the vitreous cavity, these hydro-

gels can recover and maintain their gel-like properties precisely

because the available amount of water will not be sufficient to

solubilize completely the material. Therefore, the hydrogels

would be able to exert the necessary tamponade pressure in

order to push the retina and maintain the subretinal space to

its normal size. Also importantly, these hydrogels should not

elicit toxic reaction to the eye tissues. Preliminary in vitro

cytotoxic evaluation using sample C as a representative hydro-

gel has been carried out in our laboratory (unpublished

results). Retinal pigment epithelial cells of the ARPE-19 line

were grown in culture in the presence of pieces of the fully

swollen hydrogel. Microscopically, the proliferating cells

showed normal morphology after 4 days of contact with the

hydrogel.

Whilst in the study discussed above,168 the erodibility of the

hydrogels was regarded as a useful characteristic due to the

intended application, our hydrogels must not undergo ero-

sion in water. They have to remain at the site of insertion

(the eye’s vitreous cavity in this case) for longer time and

exert an internal pressure on the cavity’s walls, which will

happen only if they restore to a gel state or to highly vis-

cous fluids.

We believe that the presence of the bulky adamantyl substituent

at position 6 in the pyrimidine heterocycle contributed effec-

tively to the protective shielding of the hydrogen-bonded cross-

links and survival of the gel-like structure in water, when the

solid content in the hydrogels was 15% or higher. We assume

that by introducing additional alkyl substituents in the UPy

modules, further shielding and stabilization the hydrogen bonds

can be provided. Such substituents may be introduced, for
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instance, at position 5 in the pyrimidine heterocycle and/or at

the carbon atom in the oxyethyl moiety attached directly

(a-position) to the atom N 0 of the ureido group [(O5C) – NH

– C(a) – CH2 – O –].

CONCLUSIONS

The self-assembling of hydrophilic macromolecular chains by

non-covalent crosslinking through hydrogen-bonded ureido-

pyrimidinone motifs is a valid approach to create self-healing

hydrogels, which are able to regenerate the hydrogen bonds by

physical contact between the gel fragments after their mechani-

cally induced breakdown. To be effective in aqueous media, this

approach requires a bulky alkyl substituent in the UPy molecule

in order to shield the hydrogen bonds against the surrounding

water molecules. Even with a bulky substituent at position 6 in

the pyrimidine heterocycle, there is a concentration threshold

below which the copolymer dissolves. It can be assumed that

certain structural modifications of the UPy monomers leading

to enhanced shielding of the hydrogen bonds may lower this

threshold.
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