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Abstract. 
In tissue engineering strategies that seek to repair or regenerate native tissues, adhesion of cells to scaffolds or matrices is essential and has the potential to influence subsequent cellular events. Our focus in this paper is to better understand the impact of cellular seeding and adhesion in the context of cartilage tissue engineering. When scaffolds or surfaces are constructed from chitosan, the scaffolds must be first neutralized with sodium hydroxide and then washed copiously to render the surface, cell compatible. We seek to better understand the effect of surface pretreatment regimen on the cellular response to chitosan-based surfaces. In the present paper, sodium hydroxide concentration was varied between 0.1 M and 0.5 M and two different contacting times were studied: 10 minutes and 30 minutes. The different pretreatment conditions were noted to affect cell proliferation, morphology, and cytoskeletal distribution. An optimal set of experimental parameters were noted for improving cell growth on scaffolds.


1. Introduction
The successful cellular colonization of scaffolds for use in tissue engineering applications often relies on an important first step: cell seeding, where cells in suspension adhere to scaffolds or matrices [1]. Poor or inadequate cell adhesion often yields low starting cell densities that can result in lower cellular yields upon completion of the in  vitro cell culture step. While in general, cellular adhesion is a critical step in most tissue engineering strategies that seek to repair or regenerate the native tissue, our focus in this study is to better understand the impact of cellular seeding and adhesion in the context of cartilage tissue engineering. Scaffold parameters that impact tissue engineering strategies include chemical [2–5] and mechanical properties [6], geometry (2D [7] versus 3D [7, 8]; micro [9–11] versus nano [12]), environment, and morphology (pore size and pore shape) [6, 13]. 
Most materials that are used in the preparation of scaffolds for use in tissue engineering applications are either derived from natural origin (collagen, gelatin, chitosan, and agarose) or prepared from synthetic polymers (poly(lactic acid) (PLA), poly(L-lactic acid)-polyglycolic acid (PLLA-PGA), poly(ε-caprolactone) (PCL), etc.) [14–16]. Cellular response to biomaterial interfaces is often directed by surface characteristics. For example, cell adhesion has been shown to be influenced by substrate chemistry, which partly modulates the pattern, conformation, and extent of protein adsorption on biomaterial surfaces [2, 3, 17, 18]. For example, –CH3, polyethylene glycol (PEG) and OH-terminated surfaces bind low levels of fibronectin (FN), which correlates with low cell-surface interactions and were noted to fail to organize the extracellular fibronectin matrix [1].
 Another important parameter impacting cellular adhesion during cell seeding is the scaffold conditioning treatment. Briefly, most scaffolds currently used in tissue engineering applications are made from polymeric solutions or suspensions using very well-established manufacturing methods, such as freeze drying lyophilization (FL) [19], solvent casting (SC) and particulate leaching [20], gas foaming [21], rapid-prototyping [22], and electrospinning (ES) [23]. Scaffold conditioning is needed to create a cell-friendly environment with pH ranges close to neutral or adjust mechanical properties of the material to favor cell viability. The effect of scaffold pretreatments on cell attachment and proliferation has been reported for several materials [24–32]. For example, 3D poly(L-lactide-co-glycolide) scaffolds treated with 1 M sodium hydroxide have been shown to enhance osteoblast adhesion and differentiation but had impeded proliferation [25]. Such cellular changes are mainly attributed to a nanostructural alteration of the scaffold surface as a result of the NaOH treatment. Scaffolds prepared from varying ratios of alginate/hydroxyapatite (HAP) via the phase separation technique required pretreatment with a crosslinking agent to slow scaffold dissolution rates [31]. Also, when woven poly(ethylene terephthalate)  fabrics were coated with PLGA and an artificial glycopolymer poly [N-p-vinylbenzyl-D-lactamide] (PVLA) [30], hepatocyte cells were noted to be spread and in closer contact when compared to uncoated scaffolds, where hepatocytes were rounded, with no noticeable spreading or aggregation. Electrospun PGA fibers, when subjected to acid hydrolysis, have shown an improvement in cell proliferation and in vivo compatibility and in contrast, untreated scaffolds demonstrate low cell proliferation and pronounced inflammation and tissue ingrowth [24]. It is postulated that the surface hydrolysis of ester bonds, as a result of the acid pretreatment step, exposes the carboxylic acid and alcohol groups, thus improving vitronectin binding, hereby increasing cell adhesion.
The general emphasis of our research is to evaluate chitosan scaffolds as substrates for growth and proliferation of chondrocytes. Chitosan (poly 1,4 D-glucosamine), a biocompatible polymer, is a partially deacetylated derivative of chitin and is structurally similar to glycosaminoglycan (GAG). Its structure resemblance to the glycosaminoglycan structure makes it a very suitable candidate for scaffold material [33], as it has been shown to support the expression of ECM proteins [34–38]. However, chitosan requires dissolution in inorganic or organic acids due to its limited solubility in aqueous solutions. Thus postprocessing steps often require the removal of acid remnants by neutralization with sodium hydroxide (NaOH) [36, 39–41], sodium bicarbonate (NaHCO3) [42], or NaOH-sodium salts mixtures [43, 44]. The underlying hypothesis of this study is that the conditions of neutralization impacts cellular fate; thus in this study chitosan scaffolds that were prepared by freeze drying and lyophilization were subjected to the following pretreatments: sodium hydroxide concentration was varied between 0.1 M and 0.5 M and two different contacting times were studied: 10 minutes and 30 minutes. Subsequently, the attachment of chondrocytes to these scaffolds was analyzed.
2. Materials and Methods
2.1. Isolation of Chondrocytes
Intact cartilaginous tissues were obtained from the hip-joint of young calves provided by a local abattoir and were isolated using procedures detailed elsewhere [45, 46]. Briefly, cartilage slices were incubated with pronase for 1 h at 37°C, washed, and incubated in collagenase for 12 h at 37°C.  Chondrocyte suspension was filtered, spun down and cell pellet was washed and resuspended in DMEM/F12 with 10% FBS; 100 mM HEPES buffer, 100 U/mL penicillin, 100 μg/mL streptomycin, 0.29 mg/mL of L-glutamine and counted in a hemacytometer. Chondrocytes were plated in a 75 cm2 T-flask at a cell density of 104 cells/cm2 in RPMI medium (RPMI 1640 containing 10% FBS, 1 mM sodium pyruvate, 100 mM HEPES buffer, 100 U/mL penicillin, 100 μg/mL streptomycin, 0.25 μg/mL of amphotericin B, and 0.29 mg/mL of L-glutamine).  Bovine chondrocytes from passage 2 were used in all experiments. Cell culture media and other reagents were obtained from Invitrogen (CA).
2.2. Preparation of Films and Scaffolds
2.2.1. Films
A 2% w/v solution of chitosan (degree of deacetylation: 81.7%, molecular weight = 276 kDa, Vanson HaloSource, WA) in 1% acetic acid was freshly prepared. Glass slides (25 × 75 mm) or rounded cover slips (12 mm diameter) were coated (one side) with a 1 mL and 0.5 mL of chitosan solution, respectively, allowed to dry at room temperature overnight, with subsequent heating at 80°C for 24 h to prevent the detachment of the chitosan films. Dried films were then neutralized with NaOH solutions, copiously rinsed with deionized (DI) water and used immediately.
2.2.2. Scaffolds
Scaffolds were prepared via freezing and lyophilization (FL) using procedures detailed elsewhere [47].  Briefly, a 2 mL of freshly prepared 2% w/v chitosan solution in 1% acetic acid was pipetted into each well of a 24-well tissue culture polystyrene plate, frozen at −20°C for 24 h and then lyophilized at 
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 torr for 24 h in a Thermo-Savant Lyophilizer (model no. RVT 4104). Scalpel and biopsy punches were used to cut out scaffolds with the following dimensions: 5 mm × 5 mm. The scaffolds were then neutralized with indicated NaOH solutions, copiously rinsed with deionized (DI) water, and used immediately.
2.2.3. Neutralization Conditions for Films and Scaffolds
Chitosan films and scaffolds were subjected to sodium hydroxide (NaOH) neutralization. Three different concentrations of NaOH solutions (0.1 M, 0.25 M and 0.5 M) and two different contacting times (10 min and 30 min) were used to neutralize the samples.
2.3. Surface Characterization
2.3.1. Contact Angle Measurement
Advancing contact angle measurement was performed following sessile drop method with OCA 15, SCA 20, Data Physics Instrument GmbH (Filderstadt, Germany). Water contact angles (θ) were measured (1 μL with flow rate of 0.1 μL/s), and to avoid spreading of the drops and droplet shape variation, contact angle values were recorded within 15–20 seconds after placing the drop. The average contact angle values were collected from at least ten drops on different areas of a test surface and three test surfaces were used for each condition. All measurements were conducted in air and at a temperature of 23°C. In separate experiments, contact angles were measured for chitosan films that were exposed (16 h) and were not exposed to RPMI medium.
2.3.2. Scanning Electron Microscopy
Morphology of the cells on either coverslips or scaffolds was visualized by SEM.  Briefly, samples were rinsed with PBS and cross-linked with 2.5% glutaldehyde/PBS solution for 30 min. The glutaraldehyde was subsequently rinsed off with PBS and samples were sequentially dehydrated in ethanol solutions (from 20 to 100%), where samples were incubated for 15 min in each ethanol concentration. The 100% ethanol was removed with hexamethyl disilazane (HMDS, Sigma) and finally samples were air-dried. Cast films and scaffolds prepared by FL were coated with gold-palladium (Au-Pd) and viewed under a scanning electron microscope (SEM, s-3000N, Hitachi, Tokyo, Japan).
2.3.3. Fourier Transform Infrared Spectroscopy (FTIR)
FTIR spectra were recorded in the transmittance mode using a Nicolet 20XB spectrometer, in the range of 4000–400 cm−1, with a spectral resolution of 2 cm−1.  Chitosan films were removed from the glass slide and subjected to indicated treatments with NaOH, and dried overnight at 40°C.
2.4. Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE)
Chitosan scaffolds (
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) that were neutralized with indicated concentrations of NaOH were copiously rinsed with DI water followed by three 10-minute washes with PBS. Scaffolds were then incubated in RPMI media for 24 h at room temperature. After that, they were copiously rinsed with multiple washes of PBS and surface adsorbed proteins were then eluted with 200 μL of 2% SDS (Invitrogen) for 4 h. The protein concentration in the eluate was measured by the bicinchoninic acid (BCA) method and a volume equivalent to a total protein (8 μg/well) was subjected to SDS-PAGE analysis on a 10% NuPAGE gel under denaturing conditions. 
2.5. Cell Seeding
2.5.1. On Films
Chitosan-coated coverslips were placed in 24 well TCP plates and were first disinfected with 70% ethanol for one hour, rinsed with sterile DI water and PBS, and incubated with RPMI-1640 medium (Gibco, NY) that was supplemented with 10% FBS (Gibco, NY) and containing 100 U/mL penicillin, 100 μg/mL streptomycin, 0.25 μg/mL of amphotericin (Gibco, NY) for 24 hours.  Bovine chondrocytes were seeded onto the Chitosan-coated coverslips at seeding density of 1 × 104 cells/cm2 and maintained for 3 h in CO2 incubator at 37°C, 5% CO2, 95% humidity followed by addition of RPMI medium. Medium was changed every other day.
2.5.2. On Scaffolds
Cells were seeded on chitosan scaffolds at a cell seeding density of 3.3 × 104 cells/scaffold and maintained in an incubator for 3 h in CO2 incubator at 37°C, 5% CO2, 95% humidity, and, subsequently, 8 mL of medium was added to each well. Typically, 6 to 8 scaffolds were placed per well in a 6-well TCP plate and will be indicated as a test plate. Cells were cultured in RPMI medium. Test plates were placed in a cell culture incubator at 37°C, 95% humidity and 5% CO2, and the medium was changed every two days.
2.5.3. Cell Number Estimation
At the end of the culture period, the scaffolds were removed and placed in 1.5 mL centrifuge tubes (3 scaffolds/tube), and 800 μL of a 0.5% trypsin (Gibco, NY) was added.  Tubes were then incubated for 15 minutes in the CO2 incubator at 37°C with intermittent manual inversion of the tubes. At the completion of the trypsin step, a 0.4 mL of RPMI medium was added to each tube and the suspension was centrifuged (100 × g) to obtain a pellet, which was resuspended with RPMI medium and cells were counted with a hemacytometer.
2.6. Cytoskeletal Organization by Immunochemistry
Cells grown on coverslips or chitosan films were fixed in 4% paraformaldehyde (PFA) in PBS (solution freshly made) for 2 h at room temperature, blocked and permeated with block/perm solution (BPS: 0.25% Triton X-100, 10 mg/mL of bovine serum albumin, 50 μL/mL of normal goat serum in PBS) and incubated with 1 : 200th dilution of mouse monoclonal antivinculin antibody (Sigma-V9131) in BPS for 12 h, rinsed with PBS supplemented with 0.1% BSA (rinsing buffer-RB) and incubated with 1 : 200th dilution of Alexa-488 (Invitrogen A11001) labeled antirabbit polyclonal antibodies for 12 h at room temperature and copiously rinsed with RB.  Subsequently, specimens were labeled with 1 : 100th dilution of Alexa 633 phalloidin (Invitrogen A22284) and 1 : 100th dilution  of Anti-Vimentin-cy3 (Sigma C9080) in BPS for 12 hours at room temperature and finally rinsed extensively with RB. Counterstaining with 0.05 mg/mL of DAPI (Inivtrogen-D1306) was performed for 3 minutes prior to mounting with aqueous mounting medium on coverslips. A confocal laser scanning microscope (Olympus FV500  Inverted_Olympus IX 81)  was used  to obtain the images.
2.7. Statistical Analysis
Student’s t-test was used for statistical analysis, and statistical differences were declared as 
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3. Results and Discussion
In order to make chitosan-based surfaces or scaffolds, it is often necessary to first dissolve chitosan in an acidic solution, and remove the solvent after the scaffold or film preparation step, leaving behind a chitosan acetate material. Thus neutralization steps are undertaken to remove acid remnants, regenerate the NH2 groups on the chitosan, and render the surface hydrophilic and cell compatible. However, the conditions of this neutralization step have not been completely evaluated, leading to variability in the extent of cellular adhesion obtained during the cell-seeding step. Typically, in-vitro tissue engineering methods rely on good initial cell adhesion to yield optimal starting cell densities.  Thus our objective was to find optimal regimens of scaffold pretreatment for chitosan-based scaffolds such that reliable starting cell densities, the maximum cell attachment without losing the chondrocyte phenotype can be obtained. Hence, in this paper, chitosan scaffolds or films that were prepared from 2% (w/v) solution of chitosan in acetic acid were neutralized with varying concentrations of sodium hydroxide for different incubation times. As 3D scaffolds present technical difficulties (i.e., lack of a flat surface) in surface characterization measurements, chitosan films were used when estimating surface properties. 
Figure 1 shows the FTIR spectra of chitosan films that were neutralized with varying concentrations of NaOH, and FTIR spectra of nonneutralized films were included as controls. In the FTIR spectra for nonneutralized films, peaks at 1560 cm−1 and 1400 cm−1 correspond to the asymmetric and symmetric stretching of the carboxylate ion [48], characteristic of the presence of acetate ion in the chitosan acetate salt. These two peaks are replaced by the amide I (C=O stretching) and amide II  (N–H bending) peaks at 1656 cm−1 and 1546 cm−1, respectively, in the FTIR spectra of neutralized films, denoting the appearance of the amide group characteristic of chitosans not completely deacetylated. The most important feature of the FTIR spectra of neutralized films is the presence of a peak at 1591 cm−1 which corresponds to the N–H stretching of the NH2 (amine) group. The removal of the acetate counterion is further confirmed by the appearance of peaks at 1419 cm−1, 1380 cm−1, and 1320 cm−1 corresponding to the  CH2 bending, CH3 deformation; symmetric CH3 deformation and CH bending and CH2 wagging, respectively [49]. From these spectra we were able to conclude that under any of the tested neutralizations conditions, the films were completely neutralized based on the confirmation of the removal of the acetate counterion.





	
		
		
		
			
			
			
		
	


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	


Figure 1: FTIR spectra for nonneutralized films showing the peaks at 1560 cm−1 and 1400 cm−1 corresponding to the asymmetric and symmetric carboxylate ion stretching [48] characteristic of the presence of acetate ion in the chitosan acetate salt. FTIR spectra of chitosan films that were neutralized with varying concentrations of NaOH show the amide I (C=O stretching) and amide II (N–H bending) peaks at 1656 cm−1 and 1546 cm−1, respectively, characteristic of chitosans not completely deacetylated. Also they show the presence of a peak at 1591 cm−1 which corresponds to the N–H stretching of the NH2 (amine) group.


Contact angle measurement was used to assess the polarity of the surfaces after the indicated NaOH treatments. Measurements were also taken after the surfaces were exposed to medium containing 10% FBS.  Figure 2(a) shows the contact angle of chitosan surfaces that were neutralized with varying concentrations of NaOH for either 10 or 30 minutes, and subsequently rinsed with DI water and sterile PBS.  Contact angle values in the range of 43° to 65° were obtained and these values were noted to be lower to that reported elsewhere [41]. For a given treatment time, contact angle values were observed to decrease with an increase in the concentration of NaOH, indicating an increase in the hydrophilic nature of the surface. It was not possible to measure the contact angle of nonneutralized films, as the films resolubilized in aqueous solutions.  Figure 2(b) shows the contact angles of chitosan films that were first neutralized with varying concentrations of NaOH, rinsed, and subsequently exposed to FBS supplemented RPMI medium. Contact angle values in the range of 75° to 95° were obtained. Films that were neutralized for 30 minutes had lower contact angles when compared to films that were neutralized for 10 minutes implying that longer contacting times between the chitosan acetate surface and sodium hydroxide solution renders more hydrophilic surfaces, comparatively Figure 3(a) shows the SDS-PAGE gel electrophoresis of eluates obtained from chitosan scaffolds that were first neutralized with varying concentration of NaOH, and exposed to media supplemented with FBS. Figure 3(b) shows the semiquantitative evaluation of the bands noted in Figure 3(a) by using ImageJ software. Intensities of the protein bands detected at 55 kDa, 65 KDa, and 75 kDa were further evaluated and compared between different treatment conditions. The observed protein bands at 66-67 kDa, and 55 kDa can be assigned to albumin and the heavy chain of IgG (samples were run under reducing conditions) whereas 75 kDa band is more likely to be vitronectin [1]. The total amount of protein adsorbed on scaffolds was observed to decrease with increasing sodium hydroxide concentration. 
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(b)
Figure 2: Contact angle of chitosan surfaces. Water contact angles of the various surfaces prepared were measured. (a) surfaces that were neutralized with varying concentrations of NaOH for either 10 (◊) or 30 (■) minutes and rinsed with sterile PBS,  (b) contact angle of  chitosan films neutralized and exposed to RPMI medium supplemented with 10% FBS for 16 hours.
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(b)
Figure 3: SDS-PAGE analysis of surface adsorbed proteins. Scaffolds  that were subjected to the indicated pretreatments were exposed to serum and the surface adsorbed proteins were eluted and analyzed by gel electrophoresis. Typically, 3 to 4 scaffolds were treated as independent experiments. (a) SDS-PAGE of proteins eluates. PL: protein ladder. Lane 1: 0.1 M NaOH concentration for 10 min., Lane 2: 0.1 M NaOH concentration for 30 min, Lane 3: 0.25 M NaOH concentration for 10 min., Lane 4: 0.25 M NaOH concentration for 30 min., Lane 5: 0.5 M NaOH concentration for 10 min., and Lane 6: 0.5 M NaOH concentration for 30 min. (b) Semiquantitative evaluation of the gel image in (a) with ImageJ software.


Surface pretreatments can alter the surface properties and render them hydrophilic or hydrophobic and may also impact the pattern of protein adsorption in an independent manner. Cell and protein adhesion to surfaces has been shown to be modulated by surface chemistry [2, 3, 17] and additionally, adsorbed proteins may act as intermediates in cell attachment. In this study, treatments with increasing concentration of NaOH and higher incubation times were noted to increase the hydrophilicity of the surfaces. Interestingly, surfaces preexposed to 10% FBS in RPMI medium exhibited higher contact angles or increased hydrophobicity when compared to chitosan surfaces that were not exposed to FBS containing medium, possibly due to the nature of the protein adsorbed and also to the conformation status of the proteins on the surface.
An increase in contact angle suggests an increase in the hydrophobic nature of the protein adsorbed surface. The concentration of NaOH used, and the duration of the neutralization step was observed to influence the total amount of protein adsorbed. Previous investigations have shown that the attachment and spreading of cells are enhanced on moderately wettable surfaces while hydrophobic or nonionic hydrophilic surfaces inhibit interactions with cells.  In this work we have used SDS-PAGE electrophoresis to visualize the proteins in the extracts obtained from scaffolds that were preexposed to serum-rich medium. It has been reported elsewhere [50] that serum albumin and immunoglobulins preferentially adsorb onto hydrophobic surfaces while adhesive proteins like FN and VN had higher absorbed amounts on hydrophilic surfaces. The adsorption of fibronectin on tissue culture polystyrene (TCPS) was inhibited by other serum proteins [51, 52] while vitronectin was noted to competitively adsorb to the surface in the presence of other plasma proteins. These findings suggested that the attachment of vitronectin to surfaces was more important than fibronectin for the initial attachment of endothelial cells and fibroblasts [51]. It has also been reported that vitronectin was the main adhesive protein for chondrocyte attachment to TCP and the PEMA/THFMA system in a complete medium [53]. The differential adsorption of vitronectin is also observed, based on the SDS-PAGE gel results shown in Figures 3(a) and 3(b). Figure 3(a) lanes 5 and 6 show the presence of weak 66–55 kDa bands, corresponding to the films neutralized with 0.5 M NaOH (10 and 30 min). The corresponding contact angles for these films before contacting with medium were 47° and 45°, respectively. Contact angles after contacting with medium were 88°–86°, respectively and similarly to Faucheux et al. [1] no vitronectin band (75 kDa) was detected under these conditions.  Surface wettability has shown to effect protein adsorption, fibronectin was shown to adsorb better on hydrophilic surfaces while albumin was shown to adsorb better on hydrophobic surfaces   [54] when exposed to human serum, and similar trends were noted in this study; higher amounts of albumin adsorbed on hydrophobic surfaces compared to more hydrophilic surfaces were noted. It is possible that a balance between surface adsorbed proteins is required for improving cell attachment and proliferation. 
Cellular morphology, attachment and proliferation of cells on chitosan surfaces prepared in this study under varying neutralization regimens were evaluated by scanning electron microscopy [55]. Figure 4 shows the representative SEM pictures of adherent cells on neutralized 3D scaffolds.  Panel (a) shows cells on scaffolds neutralized with 0.1 M NaOH for 10 minutes where an elongated cell shape (spindle shape) was observed and a high rate of proliferation was noted. Panel (b) shows cells on scaffolds neutralized with 0.25 M NaOH for 10 minutes cells also look elongated, proliferation also was high but cell attachment to the scaffold walls was fair, the cells formed a layer and stayed detached from the scaffold. Panel (c) shows cells on scaffolds neutralized with 0.5 M NaOH for 10 minutes cells look more rounded, proliferation was very low; attachment was poor with few cellular processes, less than 3 extending to the scaffold surface. Panel (d) shows cells on scaffolds neutralized with 0.1 M NaOH for 30 minutes presented elongated cell shape (spindle shape), proliferation was high, cell attachment was good. Panel (e) shows cells on scaffolds neutralized with 0.25 M NaOH for 30 minutes, cells look rounded, high proliferation, and good cell attachment to the scaffold. Panel (f) shows cells on scaffolds neutralized with 0.5 M NaOH for 30 minutes, cells look more rounded and they formed clumps, proliferation was very low. Elongated cells are characteristic of fibroblastic shape or in this case dedifferentiated chondrocytic shape, while rounded shape is characteristic of differentiated chondrocytes. Neutralization with 0.25 M NaOH for 30 min., 0.5 M for 10 and 30 min rendered rounded cell shape consistent with differentiated chondrocytes, although cells on scaffolds neutralized with 0.5 M NaOH did not show high proliferations.
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(f)
Figure 4: SEM pictures of neutralized 3D scaffolds. (a) Scaffolds neutralized with 0.1 M NaOH for 10 minutes. (b) Scaffolds neutralized with 0.25 M NaOH for 10 minutes. (c) Scaffolds neutralized with 0.5 M NaOH for 10 minutes.  (d) Scaffolds neutralized with 0.1 M NaOH for 30 minutes.  (e) Scaffolds neutralized with 0.25 M NaOH for 30 minutes, and (f) Scaffolds neutralized with 0.5 M NaOH for 30 minutes. Scale bar: 100 μm.


Cell density was calculated from 6 to 8 images with the cell counter plug-in available in ImageJ software, where the cell nuclei were counted and their number was divided by the calculated area of the image. Cell proliferation observed in these images is consistent with cell counting in Figure 5. Figure 5 shows the cell counts obtained from scaffolds with indicated pretreatments. The highest cell counts were obtained for scaffolds neutralized with 0.25 M NaOH for 30 min, followed by scaffolds neutralized with 0.1 M NaOH for 10 min. Number of cells in scaffolds treated with 0.25 M NaOH for 30 min were significantly (*
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) higher than number of cells on scaffolds treated with 0.5 M sodium hydroxide for 30 mins. Number of cells in scaffolds treated with 0.1 M sodium hydroxide for 10 minutes is significantly (**
	
		
			
				𝑃
				<
				0
				.
				0
				1
			

		
	
) higher than number of cells on scaffolds treated with 0.5 M sodium hydroxide, 10 min. In separate experiments, scaffold morphology (in the absence of cells) was determined before and after neutralization and no visible change in scaffold morphology was noted (data not included).  







Figure 5: Cell counts obtained from scaffolds after 7 days in culture. Cells were released from scaffolds by trypsinization. Significance was considered to be 
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.


To render the surface cell compatible, acid solubilized chitosan surfaces have been subjected to surface treatments with  nitrogen or argon plasma treatment at 20 W for 10–40 min. [41]. These modifications were noted to produce an increase in surface roughness as a consequence of the etching process and resulted in improved cell adhesion and proliferation. In this study, the neutralization protocol employed was not observed to impact the gross scaffold morphology; however, we will in a future study characterize the surfaces by atomic force microscopy (AFM).
We have also evaluated the effect of scaffold pretreatments on the cellular morphology and the formation of focal adhesions. The organization of cytoskeletal filamentous actin was examined along with vinculin distribution, and localization of the two. The presence of vinculin is indicative of formation of focal adhesions [56].  Focal adhesions are large protein complexes that act as connectors between the cell and the extracellular matrix. Focal adhesions are important  also as signal transduction sites by binding integrins and cytoplasmic proteins as vinculin paxillin, tallin and α-actinin. It has been reported that IL-1 can physically associate to focal adhesions and affect calcium signaling in chondrocytes [57] and can respond to surface roughness [58]. Figure 6 shows the superimposed confocal images for actin-vinculin in cells that were grown on chitosan films and glass slides, respectively. Again, chitosan films were used instead of scaffolds, as they present better surfaces for microscopy. Representative pictures that were obtained upon neutralization for 10-minutes are shown. Panels (a), (b), and (c) show the distribution of actin-vinculin distribution in cells cultured on glass slides. Focal adhesions were apparent by the presence of vinculin, green spots on the cell ends, marked by yellow arrows, on glass slides regardless of NaOH concentration used and time of incubation.  Similar images were obtained for other neutralization times (data not included). Some colocalization of vinculin and actin was evident from the yellow ends in the cells marked as white arrows in the figures. Panel (d) shows the confocal images of cells grown on chitosan films that were neutralized with 0.1 M NaOH for 10 minutes.  Cells were noted to present a well-spread appearance, and the presence of focal adhesions was also evident by the presence of vinculin. Panel (e) shows the confocal images of cells grown on chitosan films that were neutralized with 0.25 M NaOH for 10 minutes, where the formation of focal adhesions and the presence of cytoskeletal filamentous actin were not noted. Panel (f) shows the confocal images of cells grown on chitosan films that were neutralized with 0.5 M NaOH for 10 minutes, where the cells look also spread with no detection of filamentous actin or focal adhesion. Panel (g) shows the confocal image of  cells grown on chitosan films that were neutralized with 0.1 M NaOH for 30 minutes cells show spread morphology, no stress actin fibers or focal adhesions; panel (h) shows the confocal image of  cells grown on chitosan films that were neutralized with 0.25 M NaOH for 30 minutes, cells look rounded, high proliferation and good cell attachment to the scaffold, the formation of focal adhesions and the presence of cytoskeletal filamentous actin were not noted; panel (i) shows the confocal image of cells grown on chitosan films that were neutralized with 0.5 M NaOH for 30 minutes, cells look more rounded, smaller in size and they formed clumps, proliferation was very low. Actin was just detected on the cell membrane and no focal adhesions were detected. The presence of focal adhesions is directly or indirectly related to nature and amount of surface adsorbed and it is postulated that integrin-mediated attachment of cells to surfaces is protein dependent.  In our study, only those surface that presented higher amounts of vitronectin (0.1 M NaOH, 10 min) developed focal adhesions. 
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Figure 6: Visualization of actin and vinculin distribution by confocal microscopy. Cells on either glass slides or chitosan films were stained for actin or vinculin as detailed in the methods section. Panels (a), (b), and (c) shows the distribution of actin/vinculin on glass slides. Panels (d), (e), (f), (g), (h), and (i) show the distribution of actin/vinculin on chitosan films. Panel (d) shows chitosan films neutralized with 0.1 M NaOH for 10 minutes, panel (e) shows chitosan films neutralized with 0.25 M NaOH for 10 minutes, and panel (f) shows chitosan scaffolds neutralized with 0.5 M NaOH for 10 minutes, panel (g) shows chitosan films neutralized with 0.1 M NaOH for 30 minutes, panel (h) shows chitosan films neutralized with 0.25 M NaOH for 30 minutes, and panel (i) shows chitosan films neutralized with 0.5 M NaOH for 30 minutes. Similar distributions were noted at different incubation times evaluated. Scale bar: 10 μm.


The effect of scaffold pretreatment on the distribution of intermediate filaments (IFs) and cell morphology was also evaluated. IFs also form a mesh that spans from the cell nucleus to the cell membrane but its function is more related to mechanical signal transduction via integrins and also by directly transducing cell deformation to nuclear deformation [59]. Chondrocytes contain vimentin as IF, its assembly is regulated by phosphorylation and it is also in a dynamical equilibrium between polymerized and unpolymerized forms [60], the rounded shape of differentiated chondrocytes is preserved by vimentin [61].
Cytoskeletal intermediate filament vimentin was examined along with actin distribution. Figure 7 shows the superimposed confocal images for actin-vimentin. Representative pictures that were obtained upon neutralization for 10 minutes are shown. Figures 7(a), 7(b), and 7(c) shows actin-vimentin distribution of cells grown on glass slides. Vimentin was noted to be present as a very well-spread network of filaments surrounding the nucleus, and expanding throughout the cytoplasm. The distribution of vimentin was not impacted by the concentration of NaOH used or the time of the neutralization step. Panel (d) shows the confocal image of cells grown on chitosan films that were neutralized with 0.1 M NaOH for 10 minutes, where cells were noted to be well-spread and the vimentin network was noted to resemble the distribution seen on glass slides; panel (e) shows the confocal image of cells grown on chitosan films that were neutralized with 0.25 M NaOH for 10 minutes, vimentin filaments were noted to surround the nucleus in a rounded shape but filament distribution around the nucleus was asymmetrical, the cytoskeleton does not posseses actin filaments; panel (f) shows the confocal image of cells grown on chitosan films that were neutralized with 0.5 M NaOH for 10 minutes where the cell population is a mixture between well-spread cells and rounded shape, vimentin distribution consistent with shape; panel (g) shows the  confocal image of cells grown on chitosan films that were neutralized with 0.1 M NaOH for 30 minutes, where the cells were well-spread and vimentin cytoskeleton was also well-spread; panel (h) shows the confocal image of cells grown on chitosan films that were neutralized with 0.25 M NaOH for 30 minutes, cells look rounded, high proliferation and good cell attachment to the scaffold vimentin network surrounds the nucleus in a symmetric fashion; panel (i) shows the confocal image of cells grown on chitosan films that were neutralized with 0.5 M NaOH for 30 minutes, cells look more rounded and they formed clumps, proliferation was very low. Vimentin network encloses the nucleus but the network looks more compact due to cell size reduction. In the present study, the distribution of vimentin intermediate filaments was noted to be significantly impacted by the different treatments. 
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Figure 7: Visualization of the distribution of actin and vimentin by confocal microscopy. Cells on either glass slides or chitosan films were stained for actin or vimentin as detailed in the methods section.  Panels (a), (b), and (c) show the distribution of actin/vimentin on glass slides. Panels (d), (e), (f), (g), (h), and (i) show the distribution of actin/vimentin on chitosan films. Panel (d) shows chitosan films neutralized with 0.1 M NaOH for 10 minutes, panel-E shows chitosan films neutralized with 0.25 M NaOH for 10 minutes, and panel (f) shows chitosan scaffolds neutralized with 0.5 M NaOH for 10 minutes, panel (g) shows chitosan films neutralized with 0.1 M NaOH for 30 minutes, panel (h) shows chitosan films neutralized with 0.25 M NaOH for 30 minutes, and panel (i) shows chitosan films neutralized with 0.5 M NaOH for 30 minutes. Similar distributions were noted at different incubation times evaluated. Scale bar: 10 μm.


To assess the impact of surface pretreatment employed on cellular morphology, Figures 6 and 7 were quantitatively analyzed by using ImageJ software. The cell shape was estimated by the circularity of the cell, defining circularity as 4
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). The shape and size of the nuclei was also determined in a similar manner. The longest distance between two points in a cell, which give us an idea of the longest dimension in a cell, is often measured by the Feret’s diameter [62]. A rounded cellular morphology has been reported to be characteristic of a chondrocytic phenotype whereas elongated cellular shapes are reported to more closely resemble a fibroblastic phenotype. Therefore we assign a circularity value of one or close to one to cells typical of chondrocytic phenotype. Figure 8 shows cell circularity, nuclei circularity, cell spread area/nuclei projected area, cell spread area, nuclei projected area and Feret’s diameter for all pretreatment conditions evaluated. The data were extracted from confocal images from 2 different experiments; five sections from each experiment were analyzed. Figure 8(a) shows that cell shape is close to circular shape in samples treated with 0.25 M and 0.5 M sodium hydroxide for 10 min, also for 0.25 M sodium hydroxide for 30 min. with values of 0.8 ± SD, while in cells growing on chitosan surfaces treated with 0.1 M NaOH for 10 minutes or 30 minutes, cell circularity decrease to 0.3 ± SD indicating a loss of rounded shape and therefore of chondrocytic morphology. Cell projected area is also reported in Figure 8(d), and a correlation in the reduction of the projected area or cell size with increasing NaOH concentrations can be noted.  Nuclei circularity was higher than 0.9 in all cases as shown in Figure 8(b). Interestingly, the size of the nuclei was noted to change, as determined from the changes in the projected area of the nuclei shown in Figure 8(e), and this trend was noted to mimic or be in agreement with the observed changes in the cell projected area.  
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Figure 8: Quantitative analyses of Figure 6. Cell circularity (a), nuclei circularity (b), cell spread area/nuclei projected area (c), cell spread area (d), nuclei projected area (e), and feret diameter (f) for all conditions, the data were extracted from confocal images from 2 different experiments, five sections from each experiment were analyzed. Reported values are mean values ± S.D.


In monolayer culture, chondrocytes dedifferentiate into fibroblastic morphology, losing their rounded shape and acquiring a flat and spread shape [63]. Actin in freshly isolated chondrocytes has been found to be focally organized at the cell surface resembling a cortical structure. Vimentin in contrast forms a dense network of filament beneath the cell surface and surrounds the nucleus [61, 64]. Differences in cell spreading were confirmed by the analysis of confocal images. Focal adhesion formation (yellow arrows in panels 6(a) and 6(b)) was evident in cells cultured on glass slides. Vinculin and filamentous actin was observed to colocalize as evidenced by the yellow color formed from the presence of actin (red label) and vinculin (green label) in the same spot at the focal contacts in well-spread cells (see Figure 6, panel (d), white arrow), for cells seeded and cultured on chitosan surfaces that were pretreated with 0.1 M NaOH for 10 minutes. The vimentin network was widespread and seems to be localized following the actin cytoskeleton shape under these conditions in accordance with observations detailed elsewhere [65], suggesting a direct interaction between the tail domain of vimentin and F-actin. This interaction it was proved to enhance the mechanical properties of mixed actin/vimentin filament networks compared with F-actin or vimentin only networks which would be the cell response to the attachment of the cell through focal contact to the surface, the cell is trying to match stiffness of the surface or balance the forces applied by these focal contact to the cytoskeleton in accordance with Ingber’s tensegrity model [66–68]. Blain et al. [64] have reported a distinct shrinkage of chondrocytes associated with vimentin cytoskeleton disruption by acrylamide treatment. A shrinkage of approximately 50% was seen across their experiments. In our case a decrease of approximately 30% and 50% was detected for cells seeded over films pretreated with different sodium hydroxide treatment and 10 minutes of exposure as shown in Figure 8(d). A decrease of approximately 38% and 75% was seen over surfaces exposed to sodium hydroxide for 30 min, see Figure 8(d).  
Polyelectrolyte behavior of chitosan in acidic solutions is governed by the chelating capacity  of amino groups. In acidic solution amino groups are protonated to NH3+ with a pKa value of 6.1 to 6.4. Viscosity in the absence of NaCl increases with protonation of amine group, in contrast when NaCl is present viscosity is nearly independent of pH [69]. This polyelectrolyte behavior can be the answer to the differences found in our study. When a chitosan acetate surface is contacted with sodium hydroxide solution, acetate ions tend to associate to its counterion (Na+) and at the same time NH3+ looses a proton to form a molecule of water, forming a microenvironment on the film surface that assumes the characteristics of a polyelectrolye. The layer in contact with the film present higher viscosities at lower pH (0.5 M NaOH concentration) and lower viscosities at higher pH (0.1 M) rendering a surface of different characteristics for each value of sodium hydroxide concentration used. With concentrations higher than 0.5 M the effect of high viscosity is more pronounced and can only be alleviated by addition of some sodium salt, a practice that has been applied by some group with success [43, 44]. In conclusion, pretreatment of chitosan surfaces was noted to impact cell proliferation and differentiation and our studies have helped identify a set of scaffold pretreatment conditions which favor the chondrocytic shape.
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