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Received 14 December 2005; accepted 12 January 2006 Published online 1 June 2006 in Wiley InterScience (www.interscience.wiley.com). DOI: 10.1002/jbm.a.30732 Abstract: Human embryonic stem cells (hESCs) have the potential to differentiate into all cell types in the body and hold great promise for regenerative medicine; however, large-scale expansion of undifferentiated hESCs remains a major challenge. Self-renewal of hESCs requires culturing these cells on either mouse or human ﬁbroblast cells (i.e., a feeder layer of cells), or on artiﬁcial extracellular matrices (ECMs) while supplementing the media with soluble growth factors. Here we report a completely synthetic ECM system composed of a semi-interpenetrating polymer network (sIPN), a polymer hydrogel, which was designed to allow the independent manipulation of cell adhesion ligand



presentation and matrix stiffness. In the short term, hESCs that were cultured on the sIPN adhered to the surface, remained viable, maintained the morphology, and expressed the markers of undifferentiated hESCs. This was the ﬁrst demonstration that a completely synthetic ECM can support short-term self-renewal of hESCs. © 2006 Wiley Periodicals, Inc. J Biomed Mater Res 79A: 1–5, 2006



INTRODUCTION



by changes in morphology, loss of embryonic stem cell markers such as OCT-4 and stage-speciﬁc embryonic antigen (SSEA)-4, and loss of pluripotency.1,2 Compared with the cell-based feeder systems, artiﬁcial ECMs offer several advantages, including reduced risk of pathogen transmission and ease of scale-up. Efforts to understand the hESC cell-ECM interactions have included using animal-derived proteins such as Matrigel™ and laminin; however, these systems do not support self-renewal of some hESC lines3,5 and modiﬁcations of the biochemical and mechanical properties of these materials are limited.6 Here we report a completely synthetic ECM system composed of a semi-interpenetrating polymer network (sIPN), a polymer hydrogel, which was designed to allow the independent manipulation of cell adhesion ligand presentation and matrix stiffness.7,8 The sIPNs used in this study were hydrophilic, swelled in aqueous media, and mimicked native ECMs in several important ways. By varying the polymer components, sIPNs with a range of matrix stiffness and cell-adhesion ligand densities were created. Matrix stiffness and cell-adhesion ligand density were important design criteria for artiﬁcial ECMs, since



Human embryonic stem cells (hESCs) have the potential to differentiate into all cell types in the body and hold great promise for regenerative medicine if large-scale expansion of undifferentiated hESCs can be achieved.1,2 Self-renewal, i.e. undifferentiated growth, of hESCs requires culturing these cells with either mouse or human embryonic ﬁbroblasts (MEFs),3 or on artiﬁcial extracellular matrices (ECMs) while supplementing the media with soluble growth factors.4 When hESCs are cultured in the absence of MEFs and directly on polystyrene tissue culture plates, the cells quickly undergo spontaneous differentiation. Spontaneous differentiation is characterized Correspondence to: K. E. Healy, 370 Hearst Memorial Mining Building, #1760, Berkeley, CA 94720; e-mail: [email protected] Contract grant sponsor: National Institute of Health Grant; contract grant numbers: NIH AR47304, NIH RR017498 Contract grant sponsor: National Defense Science and Engineering Graduate Fellowship © 2006 Wiley Periodicals, Inc.
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these parameters have been shown to affect cell responses such as adhesion, migration, and differentiation in the other cell types.9 –11 Matrix stiffness was controlled by the density of the network crosslinker; and speciﬁc cell-matrix interactions were promoted by the presentation of peptide sequences that mimicked the active cell adhesion domains on native ECM proteins. In the short term, hESCs that were cultured on the sIPN adhered to the surface, remained viable, maintained the morphology, and expressed the markers of undifferentiated hESCs. This was the ﬁrst demonstration that a completely synthetic ECM can support short-term self-renewal of hESCs.



MATERIALS AND METHODS



polymerization scheme and a schematic representation of the polymerized sIPN network are depicted in Figure 1(a,b).



Characterization of the sIPNs The viscoelastic properties of the sIPNs were characterized by dynamic oscillatory shear measurements, using a parallel plate rheometer (Paar Physica MCR 300). The complex modulus, G* , and loss angle were determined by measuring the storage modulus (G⬘) and loss modulus (G⬙) over a frequency range of 0.001–10 Hz. The sIPNs were previously found to undergo a lower critical solution temperature (LCST) at 34°C.13 The LCST phase transition was determined using an UV–vis spectrophotometer by monitoring the transmittance of visible light ( ⫽ 500 nm) as a function of temperature.



Synthesis of the sIPNs Cell culture The sIPN consisted of poly(N-isopropylacrylamide-coacrylic acid) [p(NIPAAm-co-AAc)] that was loosely crosslinked with an acrylated peptide Gln-Pro-Gln-Gly-Leu-Ala-Lys-NH2 (QPQGLAK-NH2), a sequence designed to be cleaved by matrix metalloproteinase-13 (MMP-13) and other collagenases.8 The peptide crosslinker (QPQGLAK-NH2) (American Peptide Co.) was designed to match residues 904 –908 of human type II collagen with the addition of a glutamine residue to promote solubility and a lysine residue to provide amine functional groups for modiﬁcation. Bifunctional acryl groups were introduced to the peptide via reaction with acryloyl chloride (Aldrich). To promote cell adhesion, the polymer network was interpenetrated by polyacrylic acid-graft-Ac-CGGNGEPRGDTYRAY-NH2 [p(AAc)-g-RGD] linear polymer chains. Linear p(AAc) chains (MW 450,000) (Polysciences) were modiﬁed with synthetic peptides (Ac-CGGNGEPRGDTYRAY-NH2) (American Peptide Co.).7 This RGD motif represents an active site in a number of extracellular proteins and binds to several integrin receptors, including ␣1, ␣v, ␤1, and ␣v␤3.12 Maleimide side groups were ﬁrst grafted to the p(AAc) linear chains, and the RGD peptides were subsequently grafted to the maleimide side groups. The concentration of the grafted RGD was found to be 36.5 mol per gram of p(AAc)-g-RGD by ﬂuorescence measurements using a FITC-conjugated RGD peptide. The sIPNs were synthesized by redox radical polymerization in an aqueous solution at room temperature, with molar ratios of 97:3:0.4 for NIPAAm:AAc:crosslinker, respectively. For polymer synthesis, nitrogen gas was bubbled through a mixture of NIPAAm (Polysciences), AAc (Polysciences), [p(AAc)-g-RGD], and peptide crosslinker in phosphate-buffered saline (PBS) for 15 min to remove dissolved oxygen. The sIPN polymerization was initiated using ammonium peroxydisulfate (AP) (Fisher) and N,N,N⬘,N⬘-tetramethylenediamine (TEMED) (Polysciences). The mixture was stirred vigorously for 15 s and allowed to polymerize at room temperature for 24 h. Prior to use, sIPNs were washed 3 times in ultrapure water to remove unreacted compounds, sterilized with 70% ethanol, and again washed 3 times to remove the ethanol.8 The
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The HSF-6 hESC cell line, a federally approved line derived at UCSF,14 was obtained from UCSF under a Materials Transfer Agreement. The standard hESC culture conditions were used as the positive control. The hESC cultures were incubated at 37°C, in 10% CO2,14 and cultured on MEFs derived from the CF-1 strain mice (Charles River). NIH guidelines for the care and use of laboratory animals have been observed. The MEFs were mitotically inactivated using gamma irradiation and cultured on gelatin (collagen derivative) adsorbed to tissue culture polystyrene15 (Falcon). Complete culture medium (KSR) consisted of the following: Knockout-DMEM (Gibco), 20% Knockout Serum Replacement (Gibco), 2 mM Glutamine (Gibco), 0.1 mM nonessential amino acids (NEAA) (Gibco), 0.1 mM ␤-Mercaptoethanol (Sigma), and 4 ng/mL basic ﬁbroblast growth factor (FGF)-2 (R&D Systems). To test the ability of synthetic ECMs to maintain hESCs, hESCs were cultured without MEFs on sIPNs. The hESC colonies were maintained in conditioned KSR media, which consisted of incubating KSR on MEFs for 24 h so that the secreted signaling molecules from MEFs could be transferred to the hESCs. We chose to use the conditioned KSR medium so that we could focus on the cell-matrix interactions, while providing the yet unknown set of soluble factors necessary for self-renewal. Ultimately, the goal of this work is to identify the media constituents once the ECM conditions are deﬁned.



Immunofluorescence staining of hESCs The hESC samples were washed, ﬁxed with 2% paraformaldehyde, and permeabilized with 0.1% Triton X-100. The samples were blocked with serum, and incubated with the primary antibodies against OCT-4 (Santa Cruz) and SSEA-4 (Chemicon) overnight. Then the cultures were washed incubated with FITC-conjugated secondary antibodies (Santa Cruz).14 Images were acquired using a Nikon Eclipse TS100 microscope with a Pixera 600 CL-CU camera. Photoshop was used for image preparation.
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Figure 1. sIPN synthesis: poly(N-isopropylacrylamide-co-acrylic acid) [p(NIPAAm-co-AAc)], interpenetrated by polyacrylic acid-graft-Arg-Gly-Asp [p(AAc)-g-RGD] linear polymer chains; (a) polymerization scheme, (b) schematic representation of the polymerized sIPN network, and (c) representative measurement of complex shear modulus ( G* ) as a function of frequency at 22°C and 37°C.



RESULTS AND DISCUSSION Experiments designed to assess hESC self-renewal employed sIPNs with RGD ligand concentrations ranging from 0 to 150 M, while holding all other conditions constant. Rheological measurements were repeated three times for each sIPN, with a total of n ⫽ 32 when the measurements for all the sIPNs were combined. At 1 Hz and 22°C, the mean complex shear modulus ( G* ) was 70 Pa ⫾ 27 (SD); at 1 Hz and 37°C, the mean G* was 139 Pa ⫾ 71 (SD). Figure 1(c) shows a representative G* measurement. To compare the ability of sIPNs versus MEFs to support the self-renewal of hESCs, several characteristics were assessed: colony attachment, colony morphology, cell viability, and the presence of hESC markers. Morphological changes were one of the early indicators of differentiation. Undifferentiated hESC colonies that were cultured on MEFs (positive control) are shown in Figures 2(a) and 3(a). Undifferentiated hESCs exhibited high nucleus to cytoplasm ratio, formed tightly packed colonies with deﬁned colony



borders, and expressed embryonic stem cell markers such as the transcription factor OCT-4, and surface carbohydrate moieties SSEA-3 and SSEA-4. Figures 2(e) and 3(e) show hESC colonies that were cultured on gelatin-adsorbed tissue-culture polystyrene (negative control). Under these conditions, very few colonies were able to attach to the culture substrate. Once attached, the cells underwent spontaneous differentiation. Morphologically, differentiated hESC colonies had indistinct colony borders, with larger cells that migrated away from the colony. These cells often took on spindle-like ﬁbroblastic shapes or developed long processes. In contrast, hESCs cultured on the sIPNs [Figs. 2(c) and 3(c)] exhibited morphologies similar to those of undifferentiated hESCs cultured on MEFs [Figs. 2(a) and 3(a)], where colonies had distinct borders with small (⬃10 m diameter) and tightly packed cells. Immunoﬂuorescence staining was conducted to assess whether cells retained markers of undifferentiated hESCs. The POU family transcription factor OCT-4 is a highly speciﬁc and necessary marker for Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a
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Figure 2. Morphology and OCT-4 immunoﬂuorescence of hESCs at Day 5. (a, b) hESCs cultured on MEFs exhibited small, tightly packed cells with distinct colony borders. (c, d) hESCs cultured on sIPN ( G* ⬃70 Pa, 150 M RGD) exhibited similar morphologies when compared with (a, b). (e, f) hESCs cultured on gelatin-adsorbed polystyrene exhibited morphologies of spontaneously differentiating cells, with spindle-shaped cells and indistinct colony borders. OCT-4 was present in some cells under all three conditions. However, note that in hESCs cultured on polystyrene (f), white arrows point to cells beyond the colony edge which were not positive for OCT-4.



undifferentiated hESCs, and SSEA-4 is a glycolipid cell surface antigen strongly expressed in undifferentiated hESCs.2 Results showed the presence of OCT-4 and SSEA-4 in cultures of all three conditions at day 5 (Figs. 2 and 3). This indicated that even under suboptimal culture conditions, some hESCs did not completely lose their undifferentiated characteristics after 5 days.16 However, for the hESCs cultured to gelatinadsorbed polystyrene [Fig. 2(f)], cells beyond the edge of the colony were not positive for OCT-4, indicating that they had spontaneously differentiated. By comparison, the hESCs cultured on sIPNs [Fig. 2(d)] were within a tight border and were positive for OCT-4.



Interestingly, the OCT-4 ﬂuorescence appeared somewhat diffuse in the center region of the colony. We attributed this result to competing ﬂuorescence from out-of-focus cell layers in the colony. In addition, cell viability was examined using calcein-AM stain (Molecular Probes) and the hESCs cultured on the sIPN were found to be viable (data not shown). This indicated that the substrate material was not toxic to hESCs. Finally, Figure 4 shows the morphology of hESC colonies that were cultured on the sIPN with various ligand concentrations. At 0 M RGD concentration, very low hESC adhesion was observed. At 45 M RGD concentration, colony mor-



Figure 3. Morphology and SSEA-4 immunoﬂuorescence of hESCs at Day 5. (a, b) hESCs cultured on MEFs. (c, d) hESCs cultured on sIPN ( G* ⬃70 Pa, 45 M RGD). (e, f) hESCs cultured on gelatin-adsorbed polystyrene. SSEA-4 was present in colonies under all three conditions.
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Figure 4. hESCs cultured on sIPN of various RGD adhesion ligand concentrations. (a, b, c, d) ⫽ 0, 45, 105, 150 M, respectively. At 0 M RGD concentration, very low hESC adhesion was observed. At 45 M RGD concentration, colony morphology was highly variable, where some colonies exhibited tight borders while other did not. Qualitatively, hESCs cultured on sIPNs of higher RGD concentrations (105 and 150 M) exhibited morphologies most similar to undifferentiated hESCs. [Color ﬁgure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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