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Abstract
Autonomous healing of damage is a common phenomenon in living organisms but is hardly ever encountered in synthetic materials. Disulﬁde chemistry is used to introduce a self-healing ability in a covalently cross-linked hydrogel. This result is achieved by introducing disulﬁde groups in the network that are able to exchange, leading to renewal of cross-links across the damaged surfaces. ATR results showed that C=C had disappeared once the gel was formed and the percentage of gel fraction is 86%. The gel being cut shows highest healing efficiency in borax-sodium hydroxide buffer (pH 10) which is 95%. The combination of this unique self-healing properties and applicability for a large variety of polymers makes this approach ideal for biomedical applications.
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Abstrak
Pemulihan autonomik ke atas sebarang kerosakan atau kecederaan merupakan suatu fenomena yang berlaku pada organisma hidup tetapi sukar untuk diaplikasikan pada bahan sintetik. Keupayaan swa pemulihan dapat dicapai dengan menggunakan ikatan kovalen dinamik iaitu ikatan disulfida ke dalam suatu jaringan polimer. Ini kerana ikatan disulfida berupaya untuk putus dan cantum sekaligus dapat membawa kepada pembentukan semula taut silang pada permukaan yang terjejas. Hasil daripada ATR menunjukkan puncak C=C pada monomer telah hilang apabila gel sudah terbentuk dan peratusan keberhasilan gel adalah sebanyak 86%. Keberkesanan pemulihan paling tinggi adalah pada gel yang telah direndam dalam larutan penimbal borax-natrium hidrosida (pH 10) iaitu sebanyak 95%. Gabungan uniq antara ciri-ciri swa pemulihan dan kebolehupayaan tinggi dalam swa pemulihan menjadikan hidrogel ini amat sesuai untuk digunakan dalam aplikasi bioperubatan.

Kata kunci: Ikatan disulfida, medium alkali, swa pemulihan hidrogel


Introduction
Recent years have witnesses an increasing interest in the development of “smart materials” that can sense changes in their environment. Consequently, “smart materials” have been developed in order to deliver longer product life spans and reduced maintainance and life-cycle costs which it is able to detect damage and repair themselves accordingly, in a controlled fashion with minimum possible human intervention [1-6]. Several concepts have been developed to provide the self-healing property to the material, such as microcapsule based systems, microvascular systems and nonareservoirs [7]. Composite systems often require the contact of the crack to the nano/microdomains that contain a crosslinker, catalyst or monomer and initiates a polymerization that blocks or heals the crack. However, the irreversible systems can heal only once, which is a potential drawback. Therefore, there is an increasing interest on reversible systems which can break and heal repeatedly upon external stimuli [8].

Polymer gels are considered as a potential “smart” or “intelligent” matter with a specific stimuli-responsive performance. The stimulus includes sovent composition, pH, temperature, addition of salts, electric field, light irradiation, and so forth [9]. Early 2012, Phadke and his colleague demonstrated the permanently cross-linked hydrogels by using A6ACA as a model systems can be engineered to exhibit self-healing in an aqueous environment. They achieve this feature by arming the hydrogel network with flexible-pendant side chains carrying an optimal balance of hydrophilic and hydrophobics moities that allows the side chain to mediate hydrogen bonds across the hydrogel interfaces with minimal steruc hindrance and hydrophilic collapse. In their cases, the healable hydrogel is highlu pH dependent with strong healing observed below pH 3, weak healing at pH 4 and no healing above pH 4.5. This indicates that only highly protonated hydrogels are capable of healing if hydrogen bonding is involves [10]. 

Deng et al. [11] have prepared the hydrogel by combining acylhydrazone and disulfide bonds together in the same system. The hydrogel can automatically repair damage to it under both acidic (pH 3 and 6) and basic (pH 9) conditions through acylhydrazone exchange or disulfide exchange reactions. Disulfide bond firmation is usually favored at basic pH, and the presence of an oxidizing agent such as oxidized glutathion increases the rate or oxidative folding, whereas the presence of denaturants such as urea or guanidine hydrochloride (GdnHCl) hampers the folding process [12].

In the present study, a covalently crosslinked cystine hydrogel was prepared, and reducible decomposition of hydrogels in the physical condition was assessed. The effects of pH buffer that can healed the damage poly(HEMA) hydrogel was investigated. The redox-responsive by using reducing and oxidizing agents of poly(HEMA) hydrogel will be revealed in another report. These work is a promising as a unique materials that can encourage the biomedical and tissue engineering field to be more developed in the future.

Materials and Methods
Materials and Sample Preparation
Monomer 2-hydroxyethyl methacrylate (HEMA) with Mw 130.14 g/mol, potassium persulfate, (KPS ACS reagent with Mw 270.32 g/mol), L-cystine (with Mw 240.30 g/mol), N’, N’- Methylenebis(acrylamide) (MBA) (with Mw 154.17 g/mol), and solvent dimethyl sulfoxide (DMSO with Mw 78.13 g/mol) were purchased from Sigma Aldrich (Malaysia). Buffer solution were purchased from R&M Chemicals; Phthalate (pH 4.00 ± 0.02 at 20oC), Phosphates (pH 7.00 ± 0.02 at 20oC and Borax-Sodium Hydroxide (pH 10.00 ± 0.05 at 20oC). All chemicals were used as received. 

The hydrogel were prepared in aqueous solutions at 22 oC in the presence of 0.09 M KPS initiator, 4 M HEMA monomer and 0.04 M L-cystine cross-linker. The reaction was carried out in the beaker and the solution was then poured into petri dish. The polymerization was conducted at 45 oC for 5 hours. Hydrogel without disulfide cross-linker was prepared using the same procedure but different in concentration of cross-linker; 0.05 M MBA.

Healing Procedure
Both samples which gel with and without disulfide cross-linker was cut into two pieces using scissors and two halves from each of the original hydrogels were put together rapidly to have their freshly created fracture surfaces brought into contact. Then, each sample was soaked in each buffer medium (without pH, Phthalate, Phosphates and Borax-Sodium Hydroxide) for 24 hours at room temperature. These healing procedure experiments were totally done in the same size of petri dish. 

Determination of gel fraction
Freshly prepared hydrogels was dried to a constant weight in a convection oven at 60oC. Dried hydrogels were then extracted at room temperature in DMSO /distilled water for 2 days. The extraction process was done to remove any sol that may be present in the hydrogel. The extracted hydrogels were then dried again in the oven at 60oC until a constant weight is achieved. The percent (%) of gel fraction was calculated using the equation as below (equation 1):

							                                                    (1)
where G0 is the dried initial weight before extraction and Gd is constant dried weight of hydrogels after extraction [13].

Mechanical measurement
The dried gel was cut into dumbbell shape and was tested with Testometric M500-50CT Universal Testing Machine. Tensile test were performed on gel before and after healing condition. The load cell used was 10 kN with speed 15 mm/min. This mechanical testing was done on 5 samples for each condition. Dimension with all length ratios used confirm to the standard of American Society for Testing and Materials [14]. In order to evaluate the healing behaviour quantitatively, healing efficiency can be expressed as the percentage ratio of stress, R(σ), before and after healing as shown in equation 2 [15].

						                                                    (2)

Rheological measurement
The temperature sweep measurement were performed on Anton Paar Rheoplus/32 Rheometer with oscillatory measurements at 1 Hz, while the temperature was increased at the rate of 5 oC/min between 25-120 oC and the thickness dimension used was 1 mm. 

Morphological study
Photos for self-healing hydrogel with and without disulfide in each condition were taken accordingly.

Results and Discussion
A self-healing system in hydrogel materials was achieved by bonding and de-bonding of disulfide bond by direct attack of the hydroxyl groups that presence in the pH buffer. This system based on cross-linked hydrogel of poly(2-hydroxyethyl methacrylate) was prepared. 

Gel Fraction
Crosslinking of poly(HEMA) hydrogel involves two possible reactions which are free radical polymerization and condensation process. Based on ATR spectrum, free radical polymerization was confirmed to be occur in this study since the C=C peak from monomer had disappeared when hydrogel was formed [16]. Further investigation was done to know the percentage of gel fraction. Percentage of gel fraction for this study is 86% which is considerably high thus approved the crosslinking of poly(HEMA) hydrogel.

Buffer effect on thiol-disulfide interchange reactions
Buffers used to formulate proteins should not serve as substrates or inhibitors. They should exhibit little or no change in pH with/without temperature, show insignificant penetration through biological membranes, and have maximum buffer capacity at a pH where the protein exhibits optimal stability [17]. In this study, buffer at certain pH must be able to heal the cut surface of poly(HEMA) hydrogel. 

From Figure 1, the Tg of poly(HEMA) hydrogel seems to be decreased. The glass transition temperature of hydrogel without soaked in any buffer is at 49oC. Meanwhile, after soaked with phthalate, phosphate and borax buffer, the Tg is decreased to 47.8oC, 45.6oC and 41.2oC, respectively [17-20].

The Tg depends on molecular weight, side branches, steric hindrance, covalent and noncovalent bonding (disulfide bonding, hydrogen bonding, hydrophobic interactions) within the molecular ratio of amorphous and crystalline regions, presence of plasticizer, copolymers and other physical conditions such as pressure [21]. In this case, the decreasing in Tg might due to the degradation of disulfide bond thus affected degree of cross-linking which closely related to the Tg value. 
Besides, the water presence in the buffer can be one of the Tg value decreaes as moisture played an important role in lowering the temperature at which the networking reaction occurs. The plasticizing effects of water is known to enhance the mobility of the amorphous molecules. It appears that moisture facilitates the initiation of the reaction at a given temperature, but once th ereaction occurs, the degree of cross-linking is independent of moisture content [22].
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Figure 1.  The Tg of poly(HEMA) hydrogel after being tested a) without any buffer solution and soaked with b) phthalate buffer (pH 4), c) Phoshate buffer (pH 7) and d) Borax-Sodium hydroxide buffer (pH 10).


Role of base medium buffer on self-healing poly(HEMA) hydrogel
Deng and his colleagues [11] claimed that disulfide bond demonstrated the hydrogel self-healable under basic condition. In this study, poly(HEMA) hydrogel shows the highest percentage of healing efficiency in borax-sodium hydroxide buffer which is a basic medium followed by phosphate buffer (Table 1). This is because chemical degradation of disulfide bonds has been studied in both peptides and proteins with most of the disulfide bond degradation observed under neutral and basic conditions [12].


Table 1.  Percentage of healing efficiency at different medium
	Medium (buffer)
	Maximum Stress (N/mm2)
	

	Without buffer
	0.20 ± 0.63
	14 %

	Phthalate (pH 4)
	0.28 ± 0.19
	19 %

	Phosphate (pH 7)
	0.52 ± 0.20
	35 %

	Borax-Sodium Hydroxide  (pH 10)
	1.40 ± 0.10
	95 %




The tensile test showed that borax-sodium hydroxide buffer which is a basic medium gives the highest percentage of healing efficiency of 95%, with an ultimate tensile strength at 1.40 N/mm2, as shown in Figure 2. The results obtained were in agreement with mechanism degradation of disulfide bond described below [12] (Figure 3).

The hydroxyl attack of the disulfide bond produces sulfenic acid and thiolate anion (1, Fig. 3). The thiolate anion 1 can proceed to attack another disulfide bond on another protein molecule to produce a thiolate dimer intermediate 2 (pathway a, Fig. 3). This intermediate (2) undergoes three possible reactions as shown in pathways b, c, and d. In pathway b, intra-molecular nucleophilic attack of the sulfenic acid by the thiolate anion produces dimer 3 with two intermolecular disulfide bonds. Intermediate 2 can form sulfenic acid dimer 4 by abstracting a proton from water (pathway c). Higher molecular weight oligomers such as trimer 5 can be produced via intermolecular disulfide bond reactions utilizing pathway d. The thiolate anion 1 can also undergo an intermolecular reaction between the sulfur atom of the sulfenic acid group and a disulfide in another molecule to produce an intermediate dimer 6, as shown in pathway e. The resulting thiolate 6 oligomerizes by reacting with another protein molecule to generate a trimer 7 (pathway f); further intermolecular reactions lead to higher molecular weight oligomers. Intermediate 6 can also react with water to form a dimer molecule (8) with two free thiols.
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Figure 2.  a) Pattern of self-healing poly(HEMA) hydrogel in different medium and b) Stress-strain curves of self-healing poly(HEMA) hydrogel in base medium.



Figure 3. 	The mechanism of degradation of disulfide bonds in homopolymer under neutral and basic conditions. The degradation of the disulfide bond involves a direct attack on the sulfur atom by hydroxyl anions.


Morphological observation
As we have mentioned before, a control hydrogel was prepared to ensure that the self-healing hydrogel via buffer solution were only occur in the presence of disulfide bond. Figure 4 below shows the self-healing poly(HEMA) hydrogel with methylene bis-acrylamide (MBA) as the crosslinker while Figure 5 shows the self-healing with cystine as the crosslinker.
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Figure 4. Self-healing hydrogel was not occur in every medium tested.
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Figure 5.  Presence of the disulfide cross-linker have made the self-healing property is achievable

Conclusion
Self-healable poly(HEMA) hydrogel occur in the basic medium (presence of hydroxyl group) as it displays the highest percentage of healing efficiency (95%) compared to the other medium, along with the best self-healing durability. This study represents a most fundamental level approach to the development of new stimuli-responsive materials. Eventually, this study approach opens the door to the development of new structurally dynamic systems that use a multitude of components designed to work synergistically and lead to the evolution of new, increasingly complex materials behavior and responses. 
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