Supporting Information

Immobilization of Gelatin onto Poly(Glycidyl Methacrylate)-grafted Polycaprolactone Substrates for Improved Cell-Material Interactions

Shaojun Yuan,a  Gorden Xiong,a Ariel Roguin,b Cleo Choonga,*
School of Materials Science and Engineering, 

Nanyang Technological University, 

50 Nanyang Avenue, Singapore 639798

b Department of Cardiology, Rambam Medical Center, 

B. Rappaport Faculty of Medicine,

Technion – Israel Institute of Technology,

Haifa 31096, Israel
[image: image1.wmf]0

m

m

c

H

H

X

D

D

=


*To whom all correspondence should be addressed

Tel: +65-6513 8166, Fax: +65-6790 9081

   E-mail: cleochoong@ntu.edu.sg (Cleo Choong)
S1. Experimental Section

S1.1 Determination of the Amino Groups on the aminolyzed PCL films. 
The amount of the amino groups on the aminolyzed PCL films was quantitatively determined by the ninhydrin analysis method using procedures described previously.10,21,31 Briefly, the PCL film was immersed in 1.0 mol/l ninhydrin/ethanol solution for 1 min and then transferred into a  Pyrex® tube, followed by heating at 75 oC for 15 min in a water bath to accelerate the reaction between ninhydrin and amino groups on the film surface. After evaporation of the adsorbed ethanol, 2 ml of dichloro-methane was introduced to dissolve the film when its color appeared blue. Another 2 ml of isopropanol was added to stabilize the blue compound. The absorbance of the mixture solution was measured in the range of 550-570 nm using a spectrophotometer (Lambda 35, Perkin-Elmer Inc. Waltham, MA, USA). The amino density per sample areas was calculated by comparing the absorbance at 551 nm with a previously obtained calibration curve (Supporting Information, Figure S1). Subsequently, attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopy and X-ray photoelectron spectroscopy (XPS) were used to quantitatively evaluate the amino groups on the aminolyzed PCL film surface. The [N]/[C] ratio, determined from the sensitivity-factor corrected N 1s and C 1s core-level XPS spectral area ratio, revealed the relative amount of the amino groups on the PCL film surface.  
S1.2 Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy
ATR-FTIR was used to obtain information on the surface chemistry of the pristine and surface-functionalized PCL films. The measurements were carried out on a Spectrum GX FTIR spectrometer (Perkin-Elmer Inc., Waltham, MA, USA) equipped with Smart Performer accessory by using a Germanium (Ge) cystal with incident angle of 45o and a sampling area of 2 mm. The PCL films were pressed onto the Ge crystal and spectra were collected in the range of 4000-600 cm-1 at 4 cm-1 resolution over 32 scans.
S1.3 X-ray Photoelectric Spectroscopy
The composition of the surface functionalized PCL films was determined by X-ray photoelectron spectroscopy (XPS). All XPS spectra were recorded on a Krato AXIS Hsi spectrometer with a monochromatic Al Kα X-ray source (1486.6 eV photons) operated at 15 kV and 10 mA. The pressure in the analysis chamber was maintained at 10-7-10-9 Torr during each measurement. All the survey scans and the core-level spectra were obtained at a photoelectron takeoff angle of 90° relative to the electron analyzer. To compensate for the charging effects, all spectra were calibrated with graphitic carbon as the reference at a binding energy (BE) of 284.6 eV. Quantitative analysis of surface elemental compositions was performed using peak areas and elemental sensitivity factors. The core-level XPS spectra were curve-fitted using a nonlinear least-square curve fitting program.

S1.4 Atom Force Microscope (AFM) 
The topography of the pristine and functionalized PCL substrates was investigated by AFM.  A multimode scanning probe microscope equipped with a Nanoscope IIIa controller (Digital Instrument, Santa Barbara, USA) was used to capture the AFM images in tapping mode in air. 10 μm scans were recorded in tapping mode with a silicon cantilever. The drive amplitude was about 300 mV, and the scan rate was between 0.5 and 1.0 Hz. Nanoscope software version 4.43r8 was used to determine the arithmetic mean of the surface roughness (Ra) after the recorded images were modified with an X and Y Plane Fit Auto procedure.
S1.5 Contact Angle Measurement
Static water contact angles of the pristine and surface-modified PCL films were measured at 25 oC and 60% relative humidity using the sessile drop method with 3 μL water droplets on a FTÅ 200 contact angle goniometer (First Ten Angstroms Inc., Portsmouth, VA, USA). The automated contact angle system was equipped with software-controlled dosing system and contact angle determination software. The pictures were processed by FTÅ 32 software to determine the contact angles by applying the Young-Laplace method. The contact angles reported were the mean values from four substrates, with the value of each substrate obtained by averaging the contact angles for at least three surface locations.
S1.6 Thermogravimetricm Analysis (TGA). 
Thermogravimetric analyses (Q500, TA Instruments, New Castle, DE, USA) were performed on the functionalized PCL films, together with pristine PCL and pure gelatin as controls. The samples were preliminary dried under vacuum condition for 2 h at 37oC. Weight loss measurements were carried out under a nitrogen atmosphere from 40oC to 650oC at 10 oC/min. The TG curves were further analyzed by using TA Universal Analysis 2000 software to obtain the onset temperature, weight loss and residue of different PCL films.
S1.7 Differential Scanning Calorimetry (DSC)
DSC curves of the functionalized PCL films were recorded under a nitrogen atmosphere using a differential scanning calorimeter (DSC Q10, TA Instruments) in a heating temperature range of 40-80 oC at 10 oC/min heating and cooling rates. The results were further analyzed by using TA Universal V4.0C software to obtain the melting temperature (Tm) and the corresponding enthalpy (Hm). As described in detail previously,32 the degree of crystallinity (Xc) was assessed by using the following equations:
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Where ΔHm is the melting enthalpy of PCL films, and ΔHm0 is the melting enthalpy of fully crystalline PCL, which is 136 J/g.32
S1.8  SEM Images of HUVECs. 
SEM images were captured on various PCL surfaces to observe cell morphologies and spreading behavior. After being cultured for 3 days, the HUVECs-seeded films were washed twice with PBS solution to remove unattached cells, and were fixed with paraformaldehyde (4%, v/v) for 60 min, followed by dehydration with serial ethanol soltuions.
S2. Results and Discussion
S2.1 Thermal Properties of Functionalized PCL films

The respective TG curve for pure gelatin, pristine PCL and functionalized PCL films were obtained (Supporting Information, Fig. S4). The curves were further analyzed to obtain weight loss, extrapolated onset temperature and residue values (Table S1). The TG curves showed a large loss of mass for all the specimens between 200 and 500 oC, which is the characteristic thermal degradation of behavior of gelatin and PCL [1]. For pure gelatin, weight loss was initially observed at 80-100 oC due to water evaporation [1]. The decomposition took place at about 277.3 oC, and reached its highest (67.2%) with 20.2% residues at 500 oC. The weight loss of the pristine PCL films started at 385.8 oC, and reached a peak at 98.5%. No significant changes to the TG curves were observed after the aminolysis treatment and grafting of P(GMA) polymer brushes. However, a slight increase in residual mass, as the result of gelatin immobilization is observed on the PCL-g-P(GMA)2-c-gelatin films. A decrease in decomposition temperature (373.2 oC) and amount of weight loss (94.1%) further suggest that high amounts of gelatin were covalently immobilized on the grafted P(GMA) polymer brushes. 
The change in melting temperature and crystallinity of PCL films was determined by the DSC curves (Supporting Information, Fig.S5). The curves were further analyzed to obtain the melting point (Tm), melting enthalpy (∆Hm) and the degree of crystalinity (Table S1). The broad melting peaks, typical for semi-crystalline polymer, are observed for all the PCL film specimens. The pristine PCL film with a melting point of about 62.3oC and the crystallinity of around 53.4% is in good agreement with the crystallinity of bulk PCL (in a range of 40-80%). A slight decrease in melting points and the crystallinity of PCL films is observed after aminolysis treatment and immobilization of gelatin monolayer. However, the PCL-g-P(GMA)2 film has significantly lower melting point (59.25 oC) and the crystallinity (37.9%) (Table S1), due to dense and thick P(GMA) brushes grafted on the PCL substrates. The lowered melting point and the crytallinity are also observed on the PCL-g-P(GMA)2-c-gelatin film. The melting point and the crystallinity of casted PCL films have been reported to be relevant to solvent properties and the presence of amorphous polymers (such as gelatin) [2].

Reference
1. Alvarez-Perez M A, Guarino V, Cirillo V, Ambrosio L (2010) Biomacromolecules  11:2238.
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Table S1 Thermal properties of the pristine PCL and functionalized PCL films

	Type
	Samples
	Weight loss

 (%)
	Extrapolated onset 

Temperature 

(oC)
	Residue

(%)
	Tma)

(oC)
	ΔHmb)

(J/g)
	Xcc)
(%)

	TGA
	Pristine PCL
	98.53
	385.8
	0.92
	–
	–
	–

	
	Pure gelatin
	67.22
	277.3
	20.2
	–
	–
	–

	
	PCL-NH2
	97.94
	381.4
	1.39
	
	
	

	
	PCL-gelatin
	97.78
	380.5
	1.74
	–
	–
	–

	
	PCL-g-P(GMA)2
	98.31
	379.0
	1.12
	–
	–
	–

	
	PCL-g-P(GMA)2-

c-gelatin
	94.11
	373.2
	3.45
	–
	–
	–


	
	
	
	
	
	
	

	DSC
	Pristine PCLd)
	–
	–
	–
	62.33
	72.66
	53.4

	
	PCL-NH2
	–
	–
	–
	61.89
	64.98
	47.8

	
	PCL-Gelatin
	–
	–
	–
	60.82
	60.39
	44.4

	
	PCL-g-P(GMA)2
	–
	–
	–
	59.25
	51.49
	37.9

	
	PCL-g-P(GMA)2-

c-gelatin
	–
	–
	–
	60.23
	52.03
	38.2


a) Tm denotes the temperature of melting points; 

b) ΔHm corresponds to the melting enthalpy; 

c) Xc = ΔHm/ΔHm0, ΔHm0 (100% crystallinity) = 136 J/g.[32], 

d) Crystallinity of bulk PCL is in a range of 40-80%.
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Equation y = a + b*x

Adj. R-Square 0.99464

Value Standard Error

B Intercept 0.1157 0.0119

B Slope 0.11578 0.00425


Fig. S1 Calibration curves obtained at the absorbance 551 nm of ninhydrin-NH2 with 1,6-hexanediamine at standard solutions ranging 0.05-0.5 mmol. 
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Fig. S2 ATR-FTIR spectra of the PCL-NH2 surfaces after aminolyzed in 10 wt% 1,6-hexanediamine/2-propanol solution at 40oC for (a) 10, (b) 30, (c) 60, (d) 90, (e) 120 and (f) 180 minutes. The peaks at 3325, 1650 and 1550 cm-1 were attributed to the N-H stretching vibration, amide C=O stretching vibration (amide I), and amide N-H bending vibrations (amide II), respectively. 
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Fig. S3 Representative three-dimensional (3D) AFM images of the (a) pristine PCL, (b) PCL-NH2, (c) PCL-gelatin, (d) PCL-g-P(GMA)1, (e) PCL-g-P(GMA)1-c-gelatin, (f) PCL-g-P(GMA)2, (g) PCL-g-P(GMA)2-c-gelatin surfaces.
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Fig. S4. TG curves of the pristine PCL, pure gelatin, PCL-NH2, PCL-gelatin, PCL-g-P(GMA)2 and PCL-g-P(GMA)2-c-gelatin films
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Fig. S5. DSC curves of the (a) pristine PCL, (b) PCL-NH2, (c) PCL-gelatin, (d) PCL-g-P(GMA)2, and (e) PCL-g-P(GMA)2-c-gelatin films. 
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Fig. S6. SEM images of HUVECs morphology cultured for 3 days on the (a) pristine PCL, (b) PCL-NH2, (c) PCL-gelatin, (d) PCL-g-P(GMA)2, (e) PCL-g-P(GMA)1-c-gelatin, and (f) PCL-g-P(GMA)2-c-gelatin film. The improved cell spreading behaviors were observed on the gelatinized PCL films.
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Fig. S7 Wide scan and N 1s core-level XPS spectra of the (a,b) PCL-g-P(GMA)1-c-gelatin and (c,d) PCL-g-P(GMA)2-c-gelatin surfaces. The [N]/[C] ratio was determined from the sensitivity factor-corrected N 1s and C 1s core-level spectral area.
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