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Zwitterionic Functionalizable Scaffolds with Gyroid Pore Architecture for Tissue Engineering
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Zwitterionic biodegradable hydrogels with gyroid pore architecture are fabricated by stereolithography. The addition of zwitterionic carboxybetaine to the polymerization resins endow hydrogels with improved swelling and functional groups. Hydrogels show suppression of fouling from protein solutions while could be selectively functionalized by preactivation of the carboxylate groups.

Introduction

The primary goal of tissue engineering is to provide a biological surrogate to regenerate damaged or malfunctioning tissues. [START_REF] Ratner | Biomaterials Science: An Introduction to Materials in Medicine[END_REF][START_REF] Langer | [END_REF][3][4] The reconstruction of most of the tissues requires a template guiding the organization of cells. Thus, scaffolding was introduced to tissue engineering to provide active support and DOI: 10.1002/mabi.201800403 signals for cells' growth, migration, and new tissue formation. [START_REF] Ratner | Biomaterials Science: An Introduction to Materials in Medicine[END_REF]5,6] Cell migration is controlled by a complex set of mechanisms that are affected not only by extraand intracellular signaling but also by surrounding extracellular environment. [7] Scaffold microstructure, such as porosity, pore size and shape, specific surface area, interconnectivity, has been shown to significantly affect cell adhesion, growth, and differentiation. Such scaffolds are used for in vivo regeneration of various tissues, such as skin, cartilage, bone, and peripheral nerves. [7][8][9][10][START_REF] Madaghiele | Biomedical Foams for Tissue Engineering Applications[END_REF] Access to nutrients is a cornerstone for cell growth and survival. Thus, interconnectivity of pores are essential for unrestricted fluid flow through the pore space and to ensure diffusion of nutrients, metabolic waste products, cytokines, and paracrine factors through the scaffold. [START_REF] Melchels | [END_REF] Conventional strategies for scaffold preparation rely on the covalent or physical cross-linking of polymers to create a matrix. [13,14] However, the size of such mesh (nanometer scale) is well below cell size (larger than several µm) which makes it impossible for cells to crawl and colonize the whole matrix. To circumvent this, several strategies to create macroporosity (micrometer scale) have been introduced, including solvent casting/particulate leaching, fibril networking, and phase separation. [15][16][17][18][19][20] However, the use Q4 xxxx Stereolithography-assisted fabrication of hydrogels of carboxybetaine methacrylamide and a α,ω-methacrylate poly(d,l-lactide-block-ethylene glycolblock-d,l-lactide) telechelic triblock macromer is presented. This technique allows printing complex structures with gyroid interconnected porosity possessing extremely high specific area. Hydrogels are characterized by infrared spectroscopy, X-ray photoelectron spectroscopy, and confocal laser scanning microscopy. The copolymerization with zwitterionic comonomer leads hydrogels with high equilibrium water content, up to 700% while maintaining mechanical robustness. The introduction of carboxybetaine yields excellent resistance to nonspecific protein adsorption while providing a facile way for specific biofunctionalization with a model protein, fluorescein isothiocyanate labeled bovine serum albumin. The homogeneous protein immobilization across the hydrogel pores prove the accessibility to the innermost pore volumes. The remarkably low protein adsorption combined with the interconnected nature of the porosity allowing fast diffusion of nutrient and waste product and the mimicry of bone trabecular, makes the hydrogels presented here highly attractive for tissue engineering. of these techniques is limited due to the difficulty of having a perfect control over the internal pore architecture resulting in structures with irregular pore sizes and often poor pore interconnectivity. [21] Alternatively, the advances in additive manufacturing significantly improved the production of scaffolds with precise geometry and internal morphology. [22][23][24] Among them, stereolithography is one of the most developed computer-aided rapid prototyping technique. [START_REF] Melchels | [END_REF]23,24] It exploits the 3D-controlled solidification of liquid-based resins by photopolymerization. The structure is polymerized in a layer-by-layer manner which allows the fabrication of complex 3D scaffolds with precise external and internal architecture with the highest accuracy. [START_REF] Melchels | [END_REF][24][25][26] In particular gyroid-type structures can be written with very high precision. Gyroid structures of various length scales are ubiquitous in nature from membranes of organelles to milk particles. [27] The triply periodic gyroid-structure has unique properties such as the highest surface area available and perfectly interconnected porosity. [28] For tissue engineering not only is the architecture of the pores important but also the chemistry of the exposed surface. The polymers used for stereolithography play an important role in the scaffold fabrication. Photo-cross-linkable polymer solutions-resins-are often based on the mixture of (meth) acrylate-functionalized oligomers, photoinitiators, and a nonvolatile solvent and the viscosity of the mixture is carefully optimized. [23,29] However, the surfaces generated from such polymers are rapidly fouled by proteins from the tissue culture media causing an abundance of negative side effects.

To induce specific cell attachment, the surface of the scaffold should be decorated with biological cues, such as peptides, or proteins interacting with integrin receptors of the cell. [30,31] However, it becomes very challenging for real application when the decorated scaffold comes in contact with biological fluids, such as blood plasma or other bodily fluids. This induces nonspecific protein adsorption, that is, protein fouling, leading to irreversible changes in the properties of the material. [32,33] This protein fouling interferes with the signaling mechanisms by masking the biological elements immobilized at the surface and by creating a film of proteins which supports the nonspecific adhesion of cells. [32][33][34][35][36][37][38][39][40][41][START_REF] Thompson | Biological Fluid-Surface Interactions in Detection and Medical Devices[END_REF] Thus the fabrication of materials able to resist nonspecific protein adsorption is essential. [START_REF] Thompson | Biological Fluid-Surface Interactions in Detection and Medical Devices[END_REF] Although several strategies to modify the surface of 2D materials with coatings resistant to fouling have been achieved, the problem of protein fouling for 3D scaffolds used in tissue engineering is generally neglected. [33,35,37,[START_REF] Rodriguez-Emmenegger | [END_REF] Only a few attempts were made in the preparation of 3D scaffolds able to resist protein fouling and most of them were based on poly(ethylene glycol) (PEG). [34,38,39,44,45] However, recently Riedel et al. proved that their contact with real biological media led to fouling regardless of the type of polymer architecture. [33,37,46,47] None of the PEG-based surface modifications could resist the fouling from human blood plasma. The deposits on the best antifouling brushes consisted of apolipoprotein A-I, apolipoprotein B-100, complement C3, complement C4-A, complement C4-B, Fbg, histidine-rich glycoprotein, the Ig mu chain C region, and HSA. These proteins were ubiquitous in all of the deposits on PEG-based surfaces suggesting some degree of biospecificity, thus alternative to PEG should be sought. [46] Previously, it has been shown that polymers based on zwitterionic carboxybetaines are able to completely suppress fouling from complex biological media, such as saliva, urine, cerebrospinal liquid, blood plasma, and whole blood. [35,37,48,49] Recently, our group has introduced antifouling hydrogels consisted of zwitterionic carboxybetaines. [38,39] These hydrogels were prepared by copolymerization of 2-hydroxyethyl methacrylate with carboxybetaine acrylamide or methacrylamide and showed a dramatic decrease of protein fouling from complex biological fluids, such as fetal bovine serum and undiluted human blood plasma. [38,39] Additionally, the carboxybetaine moieties endowed hydrogels with available functional groups which can be utilized for the immobilization of specific biological molecules. [38,39,50] Herein we introduce a novel type of zwitterionic antifouling hydrogels with precise gyroid pore architecture by employing the unique properties of nonfouling zwitterionic poly(carboxybetaine)s and a technique for fabrication of scaffolds with designed architecture, such as stereolithography. The hydrogels were prepared by copolymerization of zwitterionic carboxybetaine methacrylamide (CBMAA) and a macromer α,ω-methacrylate poly(d,l-lactide-block-ethylene glycol-block-d,llactide) telechelic triblock copolymer (MA-PDLLA-PEG-PDLLA-MA) as cross-linker. The poly(d,l-lactide) (PDLLA) block is introduced for biodegradability, while the poly(ethylene glycol) (PEG) block confers hydrophilicity. Both ends of the macromer are functionalized with methacrylate groups to allow the copolymerization with the zwitterionic comonomer. The successful copolymerization was confirmed by infrared spectroscopy with attenuated total reflectance (FTIR-ATR) and X-ray photoelectron spectroscopy (XPS). The copolymerization of MA-PDLLA-PEG-PDLLA-MA macromer with CBMAA monomer led to hydrogels with unique properties. On one hand, these hydrogels showed antifouling character-the absence of nonspecific interaction with proteins, but on the other hand, their available carboxyl groups can be utilized for specific immobilization of bioactive compounds. In order to demonstrate this, the hydrogels were functionalized with fluorescently labeled bovine serum albumin (BSA), which was selected as a model protein.

Experimental Section

2.1. Materials 3,6-Dimethyl-1,4-dioxane-2,5-dione (d,l-lactide), α,ω-dihydroxy poly(ethylene glycol) (α,ω-dihydroxy PEG) ( M n = 4000 g mol -1 ), tin(II) 2-ethylhexanoate (Sn(Oct) 2 ) (92.5-100%), methacrylic anhydride (MAAH) (94%), triethylamine (TEA) (≥99%), N-[3- (dimethylamino)propyl]methacrylamide (99%), N-hydrox- ysulfosuccinimide sodium salt (sulfoNHS) (≥98%), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), BSA-fluorescein isothiocyanate conjugate (BSA-FITC)
were purchased from Sigma-Aldrich. β-Propiolactone was purchased from Serva electrophoresis GmbH. Lucirin TPO-L (ethyl-2,4,6-trimethylbenzoyl phenylphosphinate) was acquired from BASF (Germany). Phenol red was supplied by Riedel de Haën.

Isopropanol, dichloromethane, diethyl ether, chloroform, tetrahydrofuran, and methanol were purchased from Lachner. Tetrahydrofuran (anhydrous THF, ≥99.9%), diethyl ether (anhydrous, ≥99.7), and phosphate-buffered saline (PBS, pH 7.4) were purchased from Sigma-Aldrich.
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Synthesis of MA-PDLLA-PEG-PDLLA-MA Macromer

The synthesis of MA-PDLLA-PEG-PDLLA-MA macromer (Scheme 1) was performed in a two-step reaction. In the first step d,l-lactide was polymerized from the hydroxyl end groups of PEG. This was followed by conjugation with methacrylate groups to generate a telechelic macromer.

Synthesis of PDLLA-PEG-PDLLA

PDLLA-PEG-PDLLA was synthesized by a ring-opening polymerization of d,l-lactide initiated from the terminal hydroxyl groups of α,ω-dihydroxy PEG catalyzed by Sn(Oct) 2 (Scheme 1). [51] The targeted molecular weight of the oligomers was between 4500 and 5000 g mol -1 . Firstly, 300 g (75 mmol) of α,ω-dihydroxy PEG was molten and dried in a three-necked flask, under vacuum and magnetic stirring, at 120 °C for 10 h. Then 86.5 g (0.6 mol) of d,l-lactide and 0.6 g (1.5 mmol) Sn(Oct) 2 was added under argon atmosphere. The molar ratio of d,l-lactide/Sn(Oct) 2 was 400/1. The reaction was carried out for 3.5 h at 140 °C. Afterwards, isopropanol was added to the reaction mixture. This alcohol is a good solvent for the monomer and catalyst while the polymer precipitates and can be recovered by filtration with copious washing.

Synthesis of MA-PDLLA-PEG-PDLLA-MA Macromer

The oligomer was functionalized with methacrylate groups (MA) by acylation of the terminal hydroxyl groups of the PDLLA-PEG-PDLLA oligomer with MAAH (Scheme 1). Solutions of PDLLA-PEG-PDLLA (C = 0.25 g mL -1 ) and MAAH (C = 0.2 g mL -1 ) in dry DCM were prepared in separate flasks and purged with argon for 20 min. Then TEA (18 mL) was injected into the solution of oligomer under argon. The solution of MAAH was added to the solution of oligomer and TEA by dropping funnel. The reaction was allowed to proceed for 10 days with continuous stirring. The formed MA-PDLLA-PEG-PDLLA-MA was precipitated into dry diethyl ether and purified by dissolving in chloroform and reprecipitating into diethyl ether. [52] 

Synthesis of Carboxybetaine Methacrylamide (3-Methacryloylamino-propyl)-(2-carboxy-ethyl)-dimethyl-ammonium)

CBMAA was synthesized by a modified procedure reported earlier (Scheme 2). [53,54] (The synthetic procedure is described in the ESI).

Optimization of the Stereolithography Resin Composition and Building of Hydrogel Structures

Resins of different compositions were prepared (Table 1). The MA-PDLLA-PEG-PDLLA-MA macromer, CBMMA monomer (Table 1) and phenol red dye were dissolved in Milli-Q water to give solution 1. with a digital micro-mirror device that enables projections of 1280 × 1024 pixels, each measuring 32 × 32 µm 2 . Hydrogels with gyroid-type porosity were prepared by the sequential illumination, polymerization, and cross-linking of layers of the resin. For this, the resin was exposed to a pixel pattern of blue light (wavelength 400-550 nm, peak intensity at 440 nm) while the z-position of the platform was moved step-wise (25 µm) to allow the formation of a 3D structure. The gyroid pore structures of hydrogels were designed using Rhinoceros 3D (McNeel Europe) and K3DSurf computer software as described elsewhere. [55] The fabrication of the hydrogel structures was carried out by exposing the photopolymerizable resin to light intensities of 10 mW cm -2 . The curing time for a 25-µm-thick layer was evaluated from the working curves obtained for each type of resin formulation-40 s for 0%CBMAA, 54 s for 10%CBMAA and 57 s for 20%CBMAA. After photo-polymerization, the obtained structures were washed with acetone (1 day), water (2 days), acetone (1 day) to remove any non-cross-linked compounds. The samples were dried at room temperature for 1 day under atmospheric pressure and subsequently in vacuum until constant weight. Flat nonporous samples were also produced for XPS and FTIR analysis.

U N C O R R E C T E D P R O O F

Functionalization of Hydrogels with BSA-FITC

BSA-FITC was covalently immobilized on the pores of the gyroids structures using EDC/sulfoNHS coupling. Hydrogels of each formulation (0% CBMAA, 10% CBMAA, and 20% CBMAA) were swollen in water and then placed in individual vials containing a solution of EDC (C = 0.522 m) and sul-foNHS (C = 0.115 m) in water. This solution creates active esters of the CBMAA monomers which can be attacked by amine groups of proteins for their covalent immobilization. The samples were shaken for 2 h at room temperature. Subsequently, hydrogels with activated carboxyl groups were washed three times with water, allowing at least 20 min for each wash. Then the activated hydrogels were placed to PBS for 1 h. After incubation, each sample was placed into 4 mL of fresh PBS solution and 2 mL of stock-solution of BSA-FITC (C = 3.33 mg mL -1 ) was added. The reaction was allowed to proceed in the dark for 2 h at room temperature and then for 12 h at 4 °C. Finally, the hydrogels were thoroughly washed with copious amounts of PBS and stored in this buffer overnight. Confocal imaging was performed after an incubation period of at least one day.

In order to prove the absence of nonspecific adsorption of BSA-FITC on the hydrogels, blank experiments were performed. Hydrogels of each formulation were swollen in PBS solution. Then the swollen hydrogels were transferred to vials containing 4 mL of fresh PBS to which 2 mL of stock-solution of BSA-FITC (C = 3.33 mg mL -1 ) was added. The incubation time, washing procedures, and imaging were performed as above.

Characterization of Oligomer, Macromer, and Hydrogels

Proton Nuclear Magnetic Resonance

1 H NMR spectra of reaction products were recorded on Bruker DPX 300 and utilized to determine conversion of d,l-lactide, chemical structure, molecular weight of PDLLA-PEG-PDLLA and degree of functionalization with MAAH. CDCl 3 was used as a solvent.

Fourier Transform Infrared Spectroscopy with Attenuated Total Reflectance

The chemical structure of synthesized PDLL-PEG-PDLLA oligomer and MA-PDLLA-PEG-PDLLA-MA-co-CBMAA hydrogels were characterized by FTIR-ATR. Spectra were recorded using an FTIR Thermo Nicolet Nexus 670 spectrometer equipped with a Specac Golden Gate attachment and a diamond reflection prism.

X-Ray Photoelectron Spectroscopy

The chemical composition of the hydrogels was investigated by XPS. The measurements were carried out with a K-Alpha+ spectrometer (Thermo Fisher Scientific). The samples were analyzed using a micro-focused, monochromated Al Kα X-ray source (400 µm spot size). The kinetic energy of the electrons was measured using a 180° hemispherical energy analyzer operated in the constant analyzer energy mode (CAE) at 200 eV and 50 eV pass energy for survey and high resolution spectra. Data acquisition and processing were performed using Thermo Advantage software. The XPS spectra were fitted with one or more Voigt profiles (binding energy (BE) uncertainty: ± 0.2 eV). The analyzer transmission function, Scofield sensitivity factors, [56] and effective attenuation lengths (EALs) for photoelectrons were applied for quantification. EALs were calculated using the standard TPP-2M formalism. [57] All spectra were referenced to the C 1s peak of hydrocarbons at 285.0 eV BE controlled by means of the well-known photoelectron peaks of PET and metallic Cu, Ag, and Au.

Swelling Properties of Hydrogels

The equilibrium water content (EWC) of porous hydrogels was determined gravimetrically. Five samples of each composition of hydrogels were immersed in deionized water and allowed to swell until constant mass (5 days) and the mass of the swollen samples was determined (m s ). Subsequently, the samples were dried under vacuum at room temperature to constant weight and the mass of dry hydrogels (m d ) was determined. The EWC was calculated as:

) ( = - % * 100% EWC m m m s d d (1)

Laser Scanning Confocal Microscopy

Hydrogels with immobilized BSA-FITC were visualized using the Olympus multiphoton LSCM with the FV10-ASW viewer software (Olympus, Japan). Images were recorded using a 4×-air objective and a 488 nm laser for excitation of FITC; emission was detected at 500-530 nm. 3D reconstructed images were obtained by stacking 20 LSCM xy-scans at 0.5 µm intervals using the ImageJ software.

Results and Discussion

In this study, we report the preparation of a novel type of zwitterionic functionalizable hydrogels with gyroid pore architecture. These hydrogels were prepared by copolymerization of macromer (MA-PDLLA-PEG-PDLLA-MA) with the zwitterionic monomer (CBMAA) utilizing stereolithography.

Synthesis of PDLLA-PEG-PDLLA Oligomer and MA-PDLLA-PEG-PDLLA-MA Macromer

The PDLLA-PEG-PDLLA oligomer was synthesized by ringopening polymerization of d,l-lactide, initiated by the hydroxyl terminal groups of the PEG chain (Scheme 1). The conversion of d,l-lactide was determined from 1 HNMR spectra of the reaction mixture (Figure S1, Supporting Information). When the lactide cycle is opened, protons of the methyl groups present in d,l-lactide are shifted from δ 1.64-1.61 to δ 1.60-1.37 ppm. The conversion was calculated as the ratio of the integral of the shifted peaks (δ 1.60-1.37 ppm) to the sum of integrals of shifted peaks and peaks of residual d,l-lactide (δ 1.64-1.61 ppm) (Equation S1, Supporting Information) and was equal to 93%.

A prominent band at 1750 cm -1 in the FTIR-ATR spectrum of PDLLA-PEG-PDLLA assigned to ester carbonyl confirms the successful polymerization of d,l-lactide (Figure S2, Supporting Information). On the 1 HNMR spectrum a peak at δ 4.13-4.42 ppm, corresponding to methylene protons of the PEG connected to PDLLA could be discerned proving the structure of PDLLA-PEG-PDLLA (Figures S1 and Figure S3, Supporting Information). The degree of polymerization of d,l-lactide (m) was calculated by comparing the integrals corresponding to protons of methylene groups of PEG (δ 3.20-3.90 ppm in Figure S3, Supporting Information) and protons of methyl lactyl units (δ 1.37-1.60 ppm in Figure S3), considering the average degree of polymerization of PEG is DP n = 91 (Equation S2, Supporting Information). The NMRdegrees of polymerization were used to calculated the number average molecular weight of PDLLA-PEG-PDLLA oligomer M n = 5250 g mol -1 .

The hydroxyl end groups of the synthesized PDLLA-PEG-PDLLA oligomer were acylated with MAAH to obtain the MA-PDLLA-PEG-PDLLA-MA macromer (Scheme 1). The incorporation of methacrylate groups to PDLLA-PEG-PDLLA was confirmed by the appearance of three signals in the 1 HNMR spectrum of the macromer: at δ 6.14, 5.58, and 1.90 ppm, corresponding to the = CH 2 and -CH 3 of the methacrylate groups (Figure S4, Supporting Information). The complete disappearance of the signals of terminal hydroxyls in PDLLA-PEG-PDLLA (δ 2.83) indicates that all end-groups contain a methacrylate. This was further confirmed by comparing the integrals of protons of the methacrylate group (δ 6.14 and 5.57 ppm) with those of PEG (δ 3.40-3.80 ppm) considering the numberaverage degree of polymerization (DP n = 91). [52] 

Preparation and Characterization of Hydrogels

A precise control over the cure depth of resin is necessary for fabrication of structures by stereolithography. In order to achieve well defined structures it is necessary to tune the cross-linking depth. The polymerization is initiated from an inverted platform that moves upward to generate each layer. Upon irradiation, only part of the resin, which is at focal plane of the laser beam, is cross-linked. The cross-linked volume must be thick enough so that when the platform moves upwards (away from the focal plane) the next cross-linked volume will be grown from the previously formed structure. On the other hand if the depth of cross-linking is too deep then the structure blurs and the pores close. [24,58,[START_REF] Srivatsan | Additive Manufacturing: Innovations, Advances, and Applications[END_REF] The cure depth is determined by the light energy to which the resin is exposed. This energy can be adjusted by the illumination time or by regulating the light intensity. The relationship between the effective cure depth of the resin and the light irradiation dose can be expressed using Equation (2) derived from the Beer-Lambert law:

⋅       = ln C D E E d p c (2) 
where C d is cure depth, E is the energy of the light to which the resin has been exposed, E c is the critical energy for curing, which represents the minimum energy level required for crosslinking of the resin, and D p is the penetration depth. Experimentally, an optimal exposure time is determined by constructing the working curve, a plot of the C d versus the natural logarithm of the energy ln(E). From the intercept and slope of the working curve, the critical energy E c and penetration depth of light into resin D p can be determined. The critical exposure and penetration depth are very important parameters and must be evaluated for each resin formulation before the scaffold fabrication to prevent the failure of interlayer bonding or inaccuracies in the architecture. [52,55] Resins based on MA-PDLLA-PEG-PDLLA-MA with different weight ratio of CBMAA were prepared (Table 1). A 0.05 wt% of phenol red dye was added to each formulation to restrict the penetration depth of the light and gain better control over the layer thickness. [START_REF] Ronca | [END_REF] The working curves for all resin compositions were obtained by varying the energy of the light exposed Q5 at the resin surface (E) and measuring the resulting cure depths (C d ) of the resins (Figure 1). The required curing times for a 25-µm-thick layer at a light intensity equal to 10 mW cm -2 were calculated to be 40 s, 54 s, and 57 s for 0% , 10% , and 20% CBMAA resins respectively.
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Nonporous films and hydrogels with gyroid pore architecture were fabricated by stereolithogaphy utilizing resins containing different amount of zwitterionic comonomer CBMAA. All hydrogel structures were soft and highly flexible, their shape and structure precisely matched their design. The chemical structure of the hydrogels was confirmed by FTIR-ATR (Figure 2). The increase in the amount of zwitterionic comonomer was evidenced by the concomitant increase in the intensity of amide bands at 1650 cm -1 and 1535 cm -1 , and the carboxyl band at 1600 cm -1 arising from the CBMAA added to the resin formulation.

In addition, the chemical composition of hydrogels was further evidenced using XPS. Figure 3 reports the high resolution core level C 1s and N 1s regions of spectra of the bulk poly(CBMAA) material and 0%CBMAA, 10%CBMAA, and 20%CBMAA hydrogels. The C 1s spectrum of poly(CBMAA) bulk material is characterized by a CC contribution at 285.0 eV, which is accompanied by contributions at 285.6 ± 0.1 eV, 286.2 ± 0.2 eV, 287.9 ± 0.1 eV, and 288.3 ± 0.1 eV arising from the secondary chemical shift,, that is, the effect of the amide group on the tertiary carbon atom in the CH 3 C*C(O)NH structure, the CN + moieties, the amide group C(O)NH and the carboxylic (OCO) group. The N 1s spectrum of poly(CBMAA) is characterized by contributions at about 399.5 ± 0.1 eV and 402.5 ± 0.1 eV of amides and charged quaternary ammonium groups, respectively. The 0%CBMAA hydrogel shows the characteristic contributions for the lactide and ethylene oxide monomers as well as the methacrylate groups that did not react during the photo-curing reaction. The contributions centered at 284. The swelling behavior and water uptake capability are essential parameters of scaffolds for tissue engineering. Highly wetted scaffolds provide a good environment for cell growth and proliferation. However, water content of all natural tissues differs depending on the tissue function. Thus, it is of high importance to be able to tune the water content in order to match the properties of targeted tissue. The copolymerization of macromer MA-PDLLA-PEG-PDLLA-MA with zwitterionic comonomer CBMAA can enable tuning the swelling properties of the hydrogels. [38,39] As expected, an increase in the amount of CBMAA in the polymerization resin lead to an increase of EWC of hydrogels (Figure 4). A 50% increase in swelling was observed with the addition of only 10% of CBMAA to the polymerization feed. A further increment in the CBMAA concentration to 20% led to hydrogel with remarkable water content reaching the value of 700%.

Protein Immobilization on Hydrogel Pores

A widely used approach to induce specific cell adhesion is to immobilize biomolecules, such as peptides or proteins, on the surface of the scaffold to interact with integrin receptors of the cell. To immobilize the bioactive compounds, the material of the scaffold must possess available functional groups while preventing any nonspecific interactions that can occur at the interface between the biological medium and the surface of the scaffold. To achieve this, CBMAA was introduced as a comonomer for the preparation of hydrogels. It was hypothesized that the copolymerization of the macromer with CBMAA will provide not only available carboxylic groups for the biofunctionalization but also will ensure the resistance to nonspecific interaction with proteins.

The pores of the hydrogels were functionalized with a fluorescently-labeled model protein, BSA-FITC. For this, carboxylate groups of the carboxybetaine monomers were activated with EDC/sulfoNHS in water, followed by incubation with a protein solution in PBS buffer (Figure 5D-F). To prove the specificity of the binding we performed control experiments by incubating with BSA-FITC for 14 h without any previous activation with EDC/sulfoNHS. No fluorescence was observed on nonactivated hydrogels during the scanning of all hydrogels (0%, 10%, and 20%CBMAA) with a 488 nm laser for excitation of FITC proving the absence of nonspecific albumin adsorption on the hydrogels (Figure 5A-C).

As expected, no BSA immobilization was observed on the hydrogel without any addition of CBMAA (0%CBMAA) (Figure 5D), due to the lack of functional groups on hydrogels. On the other hand, hydrogels containing 10% and 20% of CBMAA were successfully biofunctionalized with BSA-FITC as presented in Figure 5E,F. These hydrogels show strong fluorescence emission stemming from BSA-FITC. ImageJ software was used to measure the mean average intensity of the pixels in the fluorescent area in order to analyze the difference in the fluorescence intensity in hydrogels containing 10 and 20%CBMAA. The fluorescence intensity of hydrogels containing 10%CBMAA was 22.8 ± 4.3 a.u., while that of hydrogels with 20%CBMAA was 33.4 ± 5.0 a.u.; emitting almost 32% more light. The larger fluorescent signal is well in line with the higher amount of functionalizable carboxylate groups. Figure 5G depicts the 3D reconstruction of 20 confocal scans of 10%CBMAA hydrogel after biofunctionalization showing that the pores were homogeneously modified all across the structure.

Conclusions

Stereolithography was utilized to fabricate non-fouling hydrogels with a precisely designed interconnected porosity. The hydrogels were prepared by copolymerization of macromer MA-PDLLA-PEG-PDLLA-MA and CBMAA. The addition of CBMAA comonomer endowed the hydrogels with an increase in EWC, reaching an unprecedented level of 700% for 20%CBMAA. The CBMAA monomers endowed the hydrogels with antifouling properties while biofunctionalizable. The open interconnected porosity allowed the modification of the surface of the pores with proteins as evidenced by LSCM.

The hydrogels described here represent a novel and highly promising scaffold for tissue engineering. The shape and pore architecture of hydrogels can be precisely designed and implemented by stereolithography. The combination of oligomer based on hydrophilic (PEG) and degradable (PDLLA) segments and a zwitterionic comonomer endows these hydrogels the tunable swelling properties, antifouling character and available functional groups for the immobilization of bioactive compound. 
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 1 Scheme 1. Synthesis of PDLLA-PEG-PDLLA oligomer and MA-PDLLA-PEG-PDLLA-MA macromer.
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Figure 1 .

 1 Figure 1. Stereolithography working curves for A) 0% CBMAA, B) 10% CBMAA, and C) 20% CBMAA resins.

Figure 2 .

 2 Figure 2. FTIR-ATR spectra of hydrogels prepared from different formulations of resin: A) 0% CBMAA, B) 10% CBMAA, and C) 20% CBMAA.

Figure 3 .

 3 Figure 3. High resolution C 1s (left) and N 1s (right) XPS spectra of A) pure poly(CBMAA), B) 0%CBMAA, C) 10%CBMAA, and D) 20%CBMAA dry hydrogels.

  www.advancedsciencenews.com www.mbs-journal.de (which strongly overlap with the OC*C(O)O contributions of PDLLA at 286.3 ± 0.2 eV) and the C(O)NH group at 288.1 ± 0.2 eV within the C 1s spectra, as well as the occurrence of contributions arising from amide at 399.7 ± 0.1 eV and charged quaternary ammonium groups at 402.5 ± 0.1 eV in the high resolution N 1s spectra. The increase of CBMAA in the polymerization feed from 10 to 20% lead to an increase of the nitrogen content from 1.3 at.% to 2.8 at.%.
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Figure 4 .

 4 Figure 4. The equilibrium water content (EWC) of hydrogels A) 0% CBMAA, B) 10% CBMAA, and C) 20% CBMAA, defined as the ratio between the mass of absorbed water after reaching the equilibrium and the mass of dried hydrogels (left). The photograph shows dry and swollen hydrogel of 10% CBMAA (right).

Figure 5 .

 5 Figure 5. Biofunctionalization of gyroid hydrogels with BSA-FITC observed by confocal laser microscopy. The contact of BSA-FITC with non-activated hydrogels shows no fluorescence (A-C for 0, 10 and 20% CBMAA hydrogels respectively). D-F are confocal images of hydrogels with 0, 10 and 20% of CBMAA preactivated with EDC/sulfoNHS. The strong fluorescence in E and F proves the successful biofunctionalization. Image G represents the 3D reconstruction of 20 confocal xy scans of 10% CBMAA hydrogels with immobilized BSA-FITC.
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Table 1 .

 1 Composition of formulations of hydrogels with different weight ratio of macromer to monomer.

	Hydrogels abbreviation	MA-PDLLA-PEG-PDLLA-MA / CBMAA
		[wt%]
	0% CBMAA	100 / 0
	10% CBMAA	90 / 10
	20% CBMAA	80 / 20
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