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Given that a large fraction of the population suffers from orthopaedic diseases, the research in developing

polymeric biomaterials for bone tissue regeneration applications is witnessing an exponential growth rate.

We present a spectrum of novel polyesters synthesized by the reaction of galactitol with dicarboxylic acids,

namely adipic acid, suberic acid and dodecanedioic acid. Fourier transform infrared spectroscopy and

nuclear magnetic resonance spectroscopy confirmed the chemical structure of the polymers. Thermal

characterization revealed that these polyesters were semi-crystalline. The molecular weight of the

polyesters showed an increase with increase in the chain length of the diacid and the molar ratio of

galactitol : diacid. Dynamic mechanical analysis showed that the polymers were elastomeric in nature

with the increase in chain length and molar ratio of galactitol : diacids. Surface hydrophobicity and the

swelling ratio increase with increase in the chain length and molar ratio of galactitol : diacids. Hydrolytic

degradation studies demonstrated that the kinetics of the degradation followed first order. Dye release

studies indicated that the rate of release followed Higuchi kinetics. In vitro studies confirmed the

cytocompatible nature of these polymers. Mineralization by osteoblasts in vitro suggests that these

polymers support osteogenic differentiation, thus elucidating that these polymers are promising

candidate materials for bone tissue engineering. Thus, this study presents a significant advance in which

the mechanical properties, degradation and release rates of the polyesters may be tuned by

manipulating the process parameters.

1. Introduction

Despite the robust regenerative traits of bone, the occurrence of

functional loss in certain compromised circumstances is

unavoidable.1 Owing to the shortcomings associated with

autogras and allogras, developing new strategies for bone

regeneration is fueled by the pain associated with bone defects.2

One trending strategy is the application of materials as guiding

templates enabling tissue regeneration. These materials are

also designed to function as delivery vehicles contributing to

the controlled release of bioactive factors3 and also as matrices

providing a suitable micro-environment for the cells.1 The last

few decades have witnessed scientists pursuing the paradigm of

creating biodegradable polymeric scaffolds that orchestrate the

cells to form the original tissue replacing the defective ones.4

Polyesters are universally preferred among biodegradable

polymers for both drug delivery and regenerative medicine due

to their innumerable advantages, in particular, their hydrolytic

cleavage in the aqueous environment in vivo.5–7 Thermoset

polymers undergo degradation by a combination of bulk and

surface erosion mechanism where the structure predominantly

remains unaltered throughout the degradation process.8

Monomers based on animal or plant based sources can poten-

tially also be used to synthesize polymers. These polymers and

the degradation products from these polymers are likely to be

non-toxic.

It is postulated that crystallinity may improve the mechan-

ical strength of the resulting polymers9 and aid in the formation

of bone. It is believed that the higher modulus of the bioma-

terial can more efficiently direct cells towards osteogenic

lineage.10 In this work, galactitol was chosen since it imparts

crystalline nature to crosslinked polyesters that are generally

amorphous.11,12

Galactitol based analogues have been previously used in the

synthesis of polyesters.12 However, pure galactitol has not been

used in the synthesis of polymers. The dicarboxylic acids used

in this work were adipic, suberic and dodecanedioic acids that

have been shown to be cytocompatible.13,14 The aforesaid acids

have been used in the synthesis of various polymers such as
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polyesters, poly(ester amides), poly(anhydride esters) etc.15–18

Galactitol, derived from galactose, is excreted from our body via

urine19 while the dicarboxylic acids are usually eliminated via b-

oxidation pathway.20 Thus these polymers are expected to be

cytocompatible.

In this study, galactitol based polyesters were synthesized with

different acids with linearly increasing chain lengths and varying

molar stoichiometric ratios. It was envisaged that the change in

the monomer and their ratios will yield differences in the

hydrophobicity and modulus and thus it is possible to indepen-

dently tailor the mechanical properties, degradation and release.

The physical properties, degradation, release, cytocompatibility

and mineralization properties of the polymers were investigated

towards their potential use in biomedical applications.

2. Materials and methods
2.1 Materials

The chemicals such as galactitol (98% pure), the dicarboxylic

acids (adipic (99.5% pure)), suberic (98% pure) and dodeca-

nedioic (99% pure) and solvent, N,N dimethyl formamide (N,N-

DMF) were obtained from TCI chemicals (Japan), Sigma Aldrich

(USA) and Merck (India) respectively.

2.2 Synthesis

The synthesis of polyesters was performed by facile one-pot

melt-condensation without any catalyst. Different molar ratios

of 1 : 1, 1 : 2, 1 : 3 were chosen for the reactions between

galactitol and dicarboxylic acids of adipic, suberic and dodec-

anedioic. The reaction conditions were 180 �C with 2 h of

mixing the monomers under nitrogen atmosphere. In all cases,

the obtained yields for the prepolymers were approximately 80–

90%. Further curing of polymers at 120 �C under vacuum for 72

h was performed.

2.3 Nomenclature

The names of the polyesters are designated as follows: P for

polymer, G for galactitol, A for adipic acid, Su for suberic acid, D

for dodecanedioic acid. The molar ratios such as 1 : 1, 1 : 2, and

1 : 3 are indicated as 11, 12 and 13 followed by the letters. For

instance, the polyester formed by reacting galactitol and adipic

acid in the ratio of 1 : 1 is mentioned as PGA 11. Similarly, the

polyester formed by reacting galactitol and dodecanedioic acid

in the ratio of 1 : 3 is referred as PGD 13. The plausible reaction

scheme is depicted in Scheme 1 where galactitol and dicar-

boxylic acids were reacted to form polyesters with the elimina-

tion of water molecules.

2.4 Characterization of polyesters

All characterization studies were performed only on the cured

polymers unless mentioned otherwise. NMR (proton-nuclear

magnetic resonance) and MALDI TOF MS (matrix-assisted laser

desorption/ionization spectroscopy) were performed for the pre-

polymers because the cured polymers do not dissolve in solvents.

2.4.1 FTIR spectroscopy. The chemical structures of the

polyesters were conrmed by performing Fourier transform

infrared spectroscopy (attenuated total reectance mode, FTIR-

ATR) on the cured polymers. The range of scans was 4000 to 600

cm�1 with a resolution of 4 cm�1. An average of twelve scans

was performed every time.

2.4.2 1H-NMR spectroscopy. 1H-NMR was performed on

the representative polymers of PGA 13, PGSu 13, PGD 12 and

PGD 13 using 400 MHz Bruker NMR Spectrometer. The pre-

polymers were dissolved in the deuterated solvent of DMSO.

PGA 13, PGSu 13 and PGD 13 were selected since they were the

highest crosslinked polyester of representative acid while PGD

12 was chosen to check for the variations among the different

molar stoichiometric ratios.

2.4.3 Differential scanning calorimetry. Differential scan-

ning calorimetry (DSC) was performed to analyze the thermal

properties of the polyesters using TA instruments, Q 2000. The

aluminum pans were lled with 3 to 5 mg of the polymers.

Subsequently, they were made to undergo two cycles of heating

and one cycle of cooling in the range of �50 to 200 �C under

nitrogen ow with the ramp rate of 10 �C min�1. The second

heating cycle was considered for analysis.

2.4.4 Matrix-assisted laser desorption/ionization spectros-

copy (MALDI TOF MS). MALDI TOF MS was performed to nd

the molecular weight of the polymers (UltraeXtreme MALDI

Bruker Daltonics). The prepolymers of PGA 13, PGSu 13, PGD

11, PGD 12 and PGD 13 were dissolved in DMF/acetonitrile

mixture before analysis. Polymers were selected based on the

highest reacted and further crosslinked polymers and to check

the differences in molecular weights between ratios.

2.4.5 Dynamic mechanical analysis. Dynamic mechanical

analysis (DMA) (TA instruments, Q 800) was used to investigate

the mechanical properties of the polymer. By employing a lm/

ber tension clamp, the samples were subjected to 0.01 preload,

isothermal frequency sweep of 0.1 to 10 Hz and 15 mm

amplitude.

2.4.6 Surface water wettability. Surface water wettability

was examined by measuring the contact angle using contact

angle goniometer (Data Physics). 1 mL droplet was dropped on

the surface of the at polymer and allowed to attain equilib-

rium. Three independent measurements were noted and the

data are presented in the form of mean � standard deviation.

2.4.7 Measurement of % swelling ratio. The polymers were

allowed to swell and deswell, and measurements were made for

the calculation of swelling ratio. Circular polymer discs (4.5 mm

� 1 mm) were punched and their weights were noted as W1.

These discs were dipped in the solvent (DMF) for % sol content

calculation and non-solvent (hexane) for the determination of

swelling ratio for 12 h at 37 �C. Followed by considerable

swelling, their wet weights (W2) were noted. The discs were le

for drying (deswelling) which yielded W3. It is to be noted that

W3 will be same as W1.

The swelling ratio can be given by,

% swelling ratio ¼ (W2 � W3)/W3 � 100 (1)

2.4.8 In vitro hydrolytic degradation. The polymer discs

similar to swelling studies were weighed (W0) before covering by

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 61492–61504 | 61493
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nylon meshes. Water wash was performed at 60 �C for 2 h to

facilitate the removal of the unreacted monomers. These

meshes containing the discs were soaked in PBS (phosphate

buffered saline) maintaining the pH of 7.4 at 37 �C. The samples

were given a gentle perturbation of 100 rpm continuously in an

incubator shaker. The samples were removed at xed time

intervals and was followed by drying to constant weight (Wt). It

is to be noted that constant replacement of PBS was made every

24 h to avoid the pH effect. The percentage weight loss was

determined by

% weight loss ¼ (W0 � Wt)/W0 � 100 (2)

2.4.9 In vitro dye delivery studies. Dye delivery studies were

performed to explore the potential of the polymer to act as

a delivery vehicle. To accomplish this, two dyes belonging to

a similar family (rhodamine B and rhodamine B base) as model

compounds were chosen to simulate the release of bioactive

compounds. The difference between the dyes is in the hydro-

philicity where the rhodamine B is hydrophilic and rhodamine

B base is hydrophobic. The prepolymers were dissolved in DMF.

5 wt% of the dye was then dissolved in this solution. The pre-

polymer–dye mixture was cured followed by punching to

prepare the samples. Similar to degradation studies, the discs

contained in the nylon meshes were placed in PBS and the

conditions such as 37 �C, 100 rpm and pH 7.4 were maintained.

PBS replenishment was performed every 24 h and the media

containing dye (100 mL) was aliquoted at set time points and

read at the 553 nm wavelength to determine the absorbance

values. The concentrations and the cumulative release proles

of the dyes were acquired based on the calibration curves

prepared using solution of known concentration.

2.4.10 Biological studies. MC3T3-E1 (mouse pre-

osteoblasts, subclone 4, ATCC, USA) were employed for the

evaluation of cytocompatibility. The cells belonging to twen-

tieth passage were cultured using complete culture medium

made up of a-MEM (alpha-Minimum Essential Medium, Sigma,

USA) supplemented with fetal bovine serum (10% v/v, Gibco,

Life technologies), 10 U mL�1 penicillin and 10 mg mL�1

streptomycin (Sigma) in an incubator where humidied atmo-

sphere containing 5% CO2 and 37 �C conditions were main-

tained. Upon reaching required conuency, trypsin (0.25%) was

employed in harvesting the cells.

The cells were used with the seeding density of 2000 cells and

0.2 mL media per well of 96 well plate. Required time of 12 h

was provided for the cell adhesion and proliferation to take

place. Meanwhile, the polymer discs (similar to degradation

studies) in quadruplicates were sterilized with UV for 1 h and

immersed in 5 mL media and subsequently moved to incubator

with 5% CO2 and 37 �C. PGA 13, PGSu 13 and PGD 13 polymers

were chosen since they were considered to be suitable for tissue

engineering applications as they degraded slower. The polymers

were allowed to degrade for 24 h. Later, this media (conditioned

media) was added to the cells by replacing the culture media.

Fresh media was added to the control wells. Followed by this,

cell viability and cell morphology was assessed on day 1 and day

3.

WST assay was employed for assessing cell viability. 100 mL

media and 10 mL WST reagent was added to each well and

incubated for 1 h. A color change of media to yellow was noticed

Scheme 1 Plausible reaction scheme for the synthesis of the polyesters in the ratio of 1 : 1. Red dots indicate that these –OH groups might also

be involved in esterification since it is a random polymerization.
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followed by obtaining the absorbance values at 440 nm. Cell

morphology was analyzed aer xing the cells with 3.7%

formaldehyde (Merck) for 15 min. Later the xative was

removed and the cells were washed with PBS before imaging the

cells using a bright eld microscope.

2.4.11 Mineralization studies. In vitro mineralization

studies were performed to test the potential use of these poly-

mers in bone tissue engineering. MC3T3-E1 cells were cultured

on PGSu 13 and PGD 13 polymer discs in a 48 well plate. These

polymers were chosen based on the optimal mechanical

strength and degradation as evident from the previous studies.

The cells were cultured with media similar to that for WST assay

but with the additional supplements including b glycerol

phosphate (10 mM) and ascorbic acid (25 mM) (Sigma) that are

known to induce osteogenic differentiation as reported before.21

Calcium phosphate minerals were studied on day 7, day 14 and

day 21. At these time intervals, the cells were xed with 3.7%

formaldehyde for 20 min at 37 �C. Alizarin red staining (ARS,

Sigma) was used to quantify calcium deposits in quadrupli-

cates. The ltered dye of 0.2 mL was added aer removing

formaldehyde and the samples were kept for 25 min in room

temperature allowing the dye to bind to the calcium deposits.

Later, the dye that was unbound was removed by a number of

water washes till a clear transparent solution was obtained. This

was followed by adding 0.2 mL 5% SDS in 0.5 HCl to the

samples to dissolve the AR dye for 25 min. The absorbance

values were obtained at 405 nm.

Calcium phosphate deposition was further conrmed by

using EDX (energy dispersive X-ray) with SEM. Additionally,

ATR-FTIR was also used to examine the mineral deposition

qualitatively.

Statistical analysis. One way ANOVA was performed using

Tukey's test for evaluating the differences across the samples

and control. p < 0.05 were considered for differences.

3. Results and discussion
3.1 Synthesis of polymer

The synthesized prepolymers were soluble in a number of

solvents such as ethanol, DMF and DMSO. NMR and MALDI

TOF MS were performed only for the prepolymers since it

requires the compound to be dissolved in any solvent to

perform the studies. Aer the curing process, the polymers

became insoluble. Other studies such as FTIR, DSC, DMA,

contact angle, % swelling, degradation, dye release and bio-

logical studies were performed only for the cured polymers.

3.2 Polymer characterization

3.2.1 FTIR spectroscopy. The FTIR spectra obtained were

similar to many of the earlier reported studies22,23 (Fig. 1a–c). A

prominent peak of ester (carbonyl –C]O stretching) can be

observed at 1730 cm�1 in all spectra of polyesters. The peaks

belonging to –OH are visible in the regions of 1410 cm�1

(bending) and 3410 cm�1 (stretching). Asymmetric and

symmetric stretching of –CH can also be observed around 2960

cm�1 and 2870 cm�1. These data demonstrated that ester was

formed in all cases.

3.2.2 1H-NMR spectroscopy. 1H-NMR spectroscopy

(Fig. 2a–d) further veried the FTIR data. The peaks reported

matched with the previously reported similar studies.24,25 All

peaks present between 3.3–5.5 ppm could be attributed to the

proton groups of galactitol. The peaks present around 3.9 ppm

could be attributed to protons adjacent to HO–CH2 on both

sides of galactitol. The peaks around 3.6 ppm can be attributed

to the rest of the other protons present. The peaks observed in

the regions of 2–3 ppm could be assigned to the protons present

adjacent to the –COOH groups of dicarboxylic acids (HOOC–

CH2). The peaks around 1.5 ppm could be attributed towards

the proton groups of –CH2 present next to the –CH2 group near

carboxylic acids (HOOC–CH2–CH2). The peaks present around

1.3 ppm belongs to the next –CH2 group protons (HOOC–CH2–

CH2–CH2–CH2). It is to be noted that this peak is completely

absent in the case of PGA 13 (Fig. 2a) since these protons are

absent in adipic acid. A decrease in integrals has been observed

regarding the protons of PGD 13 (Fig. 2d) when compared to

PGD 12 (Fig. 2c) which could be due to the increased involve-

ment of acid groups in esterication process when the molar

ratio of acid increases. A decrease in integrals corresponding to

1.5 ppm has also been observed in PGSu 13 (Fig. 2b) when

compared to PGD 13 which clearly indicates that there is an

increase in methylene groups in the case of PGD 13.

3.2.3 Differential scanning calorimetry (DSC). The thermal

properties of the cured polymers were analyzed using DSC. DSC

results showed that the synthesized polyesters are semi-

crystalline (Table 1). It had been reported that polyesters

based on sugar alcohols such as sorbitol and adipic acid were

completely amorphous.26 However, galactitol based polyesters

reported previously were semi-crystalline.12 These polyesters

showed glass transition temperatures (Tg). Some polyesters also

showed crystalline peaks (Tc). The cold crystallization temper-

atures (Tc) were almost similar for all polyesters in the range of

3.5–7 �C.

A steady decrease was observed in Tg with an increase in

chain lengths of dicarboxylic acids (Table 1). For example,

considering 1 : 1 ratio, the Tg of PGA 11, PGSu 11 and PGD 11

were 25 �C, 12.9 �C, 10.3 �C. This trend could be explained based

on the formation of rigid networks when the number of meth-

ylene groups are lesser. Increased glass transition temperature

is required to make the polymers exible when the networks are

rigid and are in closer proximity. Similar trends were obtained

when mannitol was reacted with succinic, adipic and sebacic

acids with systematically increasing chain lengths along with

citric acid.27

Tg also decreased with increase in molar ratios of galac-

titol : diacids (Table 1). The Tg of PGD 11, PGD 12 and PGD 13

were 10.3 �C,�1.7 �C and�2.1 �C. Thus, with regards to varying

molar ratios, the polymers become increasingly hydrophobic in

nature as the number of –COOH groups increases. Previous

studies reported that Tg decreases with increase in hydropho-

bicity.28,29 When mannitol was reacted in different molar ratios

along with citric acid, a decrease in Tg was observed.27 All Tg
were below physiological temperature suggesting that these

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 61492–61504 | 61495
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polymers were rubbery at 37 �C and thus are well suited for

biomedical applications.30

3.2.4 Matrix associated laser desorption/ionization

(MALDI TOF MS). MALDI TOF MS indicated that the molec-

ular weights of the prepolymers were almost similar with minor

increase of molecular weight with increase in chain lengths and

the molar ratios of dicarboxylic acids. The molecular weight

distribution of the prepolymers are shown (see ESI, Fig. S1a–e†).

In a previous study, an increase in the molecular weight was

observed when 1,3-propanediol was reacted with sebacic acid

when compared to its reaction with adipic acid. Furthermore, in

the same reaction, molecular weight also increased with

increase in ratio of adipic acid and sebacic acid.31

3.2.5 Dynamic mechanical analysis (DMA). The mechan-

ical strength of these polyesters were analyzed using DMA. The

Young's modulus for these polymers were calculated from the

following formula:

Fig. 1 FTIR spectra of (a) PGA 11, PGA 12 and PGA 13 (b) PGSu 11, PGSu

12 and PGSu 13 (c) PGD 11, PGD12 and PGD 13.

Fig. 2 1H-NMR spectra of (a) PGA 13 (b) PGSu 13 (c) PGD 12 (d) PGD 13.
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E* ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E02 þ E 002
p

(3)

where E* is the complex modulus, E0 is the storage modulus and

E00 is the loss modulus. The complex modulus can be approxi-

mately calculated as Young's modulus.32 DMA values exhibited

that the values of Young's modulus increased and tan d values

decreased with increase in chain length of dicarboxylic acids

(Table 1). Previous studies suggest that the modulus increases

with increase in chain lengths of the dicarboxylic acids. For

instance, when glycerol was reacted with sebacic acid, the

Young's modulus was 0.28 MPa33 whereas the modulus value

increased to 1.08 MPa when the same glycerol was reacted with

dodecanedioic acid.14 The values of Young's modulus was the

highest for PGD 11 which was 127 MPa and the lowest for PGA

11 which was 0.37 MPa. The modulus of PGSu 11 was 1.34 MPa

whereas PGD 12 and PGD 13 exhibited modulus values of 111

MPa and 30 MPa, respectively. The modulus value of PGD 11

was thus more than 250 times higher than that of PGA 11.

Similarly, the modulus value of PGSu 11 was roughly 3.5 times

higher than that of PGA 11. The tan d values showed a steady

decrease from 0.72 to 0.69 and further to 0.1 in the case of PGA

11, PGSu 11 and PGD 11 respectively indicating that the poly-

mers were becoming increasingly elastomeric in nature with

increase in chain length of dicarboxylic acids. As it was

explained in an earlier section, increase in hydrophobicity

imparting exibility resulted in decrease of tan d values. The

modulus values also decreased with the increase in molar ratios

of galactitol : diacid for the same reason. As evident from Table

1, the modulus values decreased from 127 MPa to 110 MPa and

29 MPa in the case of PGD 11, PGD 12 and PGD 13

respectively.

Many sugar alcohols based polyesters showed a similar

Young's modulus. For example, poly (mannitol citric dicarbox-

ylates) showed a range of modulus values ranging from 10 to

660 MPa.27 Similarly, xylitol reacted with sebacic acid in the

molar ratio of 1 : 1 and 1 : 2 yielded esters that showedmodulus

values of 0.8 and 5.3 MPa, respectively.23 It can be concluded

that changing the monomers and molar ratios yielded an array

of polymers with a wide variation in mechanical properties. The

Young's modulus of cancellous bone is in the range of 50 to 100

MPa (ref. 34) indicating that these polyesters are applicable in

the area of bone regeneration.

3.2.6 Contact angle analysis. The surface water wettability

was studied by contact angle measurement. These polyesters

were overall hydrophobic in nature (Table 1). In the aspect of

different chain lengths, PGA 11 showed the least contact angle

of 79�. With increasing chain lengths of different dicarboxylic

acids, the contact angles increased to 85� and 93� for PGSu 11

and PGD 11 respectively. With respect to the variation in molar

ratio of galactitol : diacids, the contact angle increased from 93�

to 129� in the case of PGD 11 and PGD 13 respectively. The

increase in methylene groups when the chain length of the

dicarboxylic acids increases contribute to the increased hydro-

phobicity of the obtained polymers.35 In addition, the reduction

in –OH groups with increase in molar ratios of galac-

titol : diacids occur when more –OH groups involve in the

reaction with –COOH groups. This will decrease the hydrophi-

licity of the polymers.36 Similar contact angles were obtained

when erythritol was reacted with a series of dicarboxylic acids.

Contact angles between 58� and 80� were reported when

erythritol was reacted with adipic, suberic, sebacic and dodec-

anedioic acids35 that are comparable to the ones obtained from

these polymers.

3.2.7 Determination of % swelling. The determination of

% swelling provides information about the hydrophobicity of

the polymers. Swelling increases with increase in hydrophilicity

of the polymers.37,38 As illustrated in the previous sections, the

hydrophobicity increases due to increase in methylene groups

with increasing chain lengths of diacids. In addition, –OH

groups also decrease during the increase in the molar ratio of

alcohol : diacid that will contribute to the increased hydro-

phobicity. This will result in the decrease of % swelling of the

polymers. These polyesters followed the expected trend (Table

1). With respect to different chain lengths, PGA 11 showed the

highest swelling of 1% whereas the least swelling was observed

for PGD 13 with 0.3%. PGSu 11 and PGD 11 showed % swelling

of 0.7 and 0.5 respectively. PGA 11 showed % swelling twice that

of PGD 11. In the aspect of different molar ratio of galac-

titol : diacids, PGD 11 showed the highest % swelling of 0.5

followed by PGD 12 and PGD 13 which showed% swelling of 0.4

and 0.2, respectively. The % swelling of PGD 11 and PGD 12

were 2.5 times and two times higher than PGD 13, respectively.

Comparable % swelling of 3% was observed for poly(erythritol

dodecanedioate).35

Table 1 Physical properties, degradation and dye release rate coefficients, kd and k of the synthesized polyesters

Polyesters

Tg (
�C)

� 1 �C

Contact angle

(�)

%

swelling

Degradation, rate

coefficient (h�1) (kd) (�10�3)

RB release, k,

h�n (�10�3) R2 values

RBB release,

k, h�n (�10�3) R2 values

PGA 11 25 79 � 1 1.0 10.7 34.3 0.999 32.8 0.999

PGA 12 17 83 � 2 0.9 6.6 30.2 0.998 20.0 0.997

PGA 13 �3 87 � 1 0.7 3.4 12.9 0.991 7.7 0.996
PGSu 11 12.9 85 � 2 0.7 4.9 20.2 0.995 13.2 0.999

PGSu 12 1.2 92 � 1 0.5 1.8 10.9 0.997 10.7 0.997

PGSu 13 0.1 104 � 2 0.3 1.3 7.8 0.997 7.3 0.997

PGD 11 10.3 93 � 2 0.5 1.9 5.9 0.999 5.4 0.998
PGD 12 �1.7 125 � 1 0.4 1.6 4.6 0.999 4.4 0.994

PGD 13 �2.1 129 � 1 0.2 1.2 3.5 0.999 3.4 0.999
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3.3 In vitro degradation by hydrolysis

The driving force behind the development of these polyesters is

to have materials that degrade in a time scale that is appropriate

for their usage in bone regeneration. The in vitro hydrolytic

degradation of these polyesters decreased with increase in

chain length of dicarboxylic acids and molar ratio of galac-

titol : diacids (Fig. 3). In the aspect of varying chain lengths,

PGA 11 showed the highest weight loss of 80% in one week

whereas PGSu 11 and PGD 11 degraded only 44% and 27% in

one week, respectively. With respect to different molar ratios of

galactitol : diacids, for instance, considering PGD, PGD 11

showed the highest weight loss of 27% in one week whereas

only 23% and 17% weight losses were observed in the case of

PGD 12 and PGD 13 in one week, respectively. This trend was

similar in the case of other dicarboxylic acids such as adipic

acid and suberic acids. Furthermore, it is also similar in the

other molar ratios of 12 and 13. Thus, the overall trend in the

scenario of different dicarboxylic acids are PGA > PGSu > PGD,

respectively. With regards to varying molar ratios of galac-

titol : diacids, the overall results can be presented as 11 > 12>

13. For example in the case of dodecanedioic acid, the results

are obtained in the following manner: PGD 11 > PGD 12 > PGD

13. This was also alike in the case of PGA and PGSu.

Hydrolytic degradation of these polyesters is inuenced by

hydrophobicity. Given the surrounding medium being hydro-

philic, the fastest degrading material was PGA 11 which is the

most hydrophilic polymer studied here. The slowest degrading

polymer was PGD 13 which is the most hydrophobic of all poly-

mers. These facts are also corroborated by contact angle and %

swelling analysis. The presence of more methylene groups in

dodecanedioic acid make the PGD polymers more hydrophobic

and hence responsible for the slowest degradation.35 Similarly,

the reduction of free –OH groups present in the molar ratio of

1 : 3 of galactitol : diacids make this ratio comparatively more

hydrophobic than others as more functional groups are intro-

duced.23 This resulted in the slowest degradation of 1 : 3 ratio.

Based on the above reasons of hydrophobicity, the degradation

followed the expected trend. When erythritol was reacted with

adipic and suberic acids, the polymers exhibited 35% and 25%

weight losses approximately in 3 weeks.35

The degradation rates were calculated and modeled using

power law kinetics,

�
dM

dt
¼ kdM

n (4)

In the above equation, M indicates mass, t signies time, kd
denotes the rate coefficient corresponding to degradation and n

represents the degradation order.39 First order degradation was

observed in all polyesters studied. This signies that the rate of

the degradation is controlled by the concentration of esters

since the amount of water is in excess. Substituting 1 for n gives

a linear plot of �ln(Mt/M0) versus time in the above equation

(insets of Fig. 3). kd values for all the polymers are tabulated in

Table 1. They were calculated based on the initial slopes with

intercept being zero.

From the kd values (Table 1), it can be inferred that the rate of

PGA 11 is approximately 2.5 times and 5.5 times higher than

that of PGSu 11 and PGD 11, respectively. It is also evident that

PGD 11 and PGD 12 had rates 1.6 times and 1.3 times higher

than that of PGD 13, respectively. The values of kd also followed

a similar trend to that of degradation based on hydrophobicity.

It can be illustrated that by varying the chain lengths of the

dicarboxylic acids and molar ratios of galactitol : dicarboxylic

acids, the rate of the degradation of the obtained polymers can

Fig. 3 In vitro hydrolytic degradation profiles of different polyesters in

20mL PBS solution (pH¼ 7.4). The inset shows the variation of�ln(Mt/

M0) with time. (a) PGA (b) PGSu (c) PGD.
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be widely modulated based on the versatile applications in the

eld of drug delivery and tissue engineering.

3.3.1 In vitro degradation by hydrolysis in different pH.

The physiological system maintains different pH milieu in

different organ systems. For example, a pH of around 2 is

maintained in stomach40 and an alkaline milieu of 8.4 pH is

maintained in chronic wounds.41 This makes the study of

degradation in different pH essential. Ester hydrolysis takes

Fig. 5 In vitro release of hydrophilic RB dye from (a) PMA (b) PMS (c)

PMD. The inset of all the plots show the variation of (Mt/MN) with t
1/2

(h1/2) and the release exponent.

Fig. 4 In vitro hydrolytic degradation profiles of different polyesters in

20 mL PBS solution in different pH (pH¼ 3.4, 9.4). The inset shows the

variation of �ln(Mt/M0) with time. (a) PGA 12 (b) PGSu 12 (c) PGD 12.

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 61492–61504 | 61499
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place at an accelerated rate in basic pH.42 PGA 12, PGSu 12 and

PGD 12 were opted as examples to study the degradation of 3.4

and 9.4. They were selected based on the optimal degradation.

These polymers degraded at a faster rate in basic media when

compared to acidic media as expected (Fig. 4). In the case of

PGA 12, complete degradation was observed in 48 h in pH 9.4

whereas only 13% weight loss was observed in pH 3.4. Similarly,

for PGSu 12, nearly complete weight loss occurred in 48 h in the

basic media whereas only 11% weight loss was observed in the

acidic media. In the case of PGD 12, complete degradation

occurred in 72 h in basic media but only 5% weight loss was

exhibited in acidic media.

Degradation at different pH also followed rst order kinetics

(insets of Fig. 4). The rate coefficients of PGA 12 in pH 3.4 and

9.4 were 86.2 � 10�3 and 2.8 � 10�3 h�1. Similarly, the values of

kd for PGSu 12 in pH 3.4 and 9.4 were 63.3 � 10�3 and 2.3 �

10�3 h�1. kd values for PGD 12 were 43.3 � 10�3 and 0.7 � 10�3

h�1 in the pH of 3.4 and 9.4. The rate coefficients observed in

pH 3.4 were roughly 30 times faster as observed for the degra-

dation at pH 9.4.

3.4 In vitro dye release studies

Dye release data substantiated degradation data. Concomitant

with the degradation of the polymers, the release of the dyes was

studied (Fig. 5 and 6). Considering the scenario of different

dicarboxylic acids, for 1 : 1 ratio, 45% of release of RB was

observed for PGA 11 whereas only 27% and 7% RB release was

obtained for PGSu 11 and PGD 11 in one week respectively. In

the case of RBB, 47% release was observed for PGA 11. On the

other hand, only 18% and 7% release was noted for PGSu 11

and PGD 11 in one week respectively. In the aspect of different

molar ratios, for example, in the case of dodecanedioic acid, 7%

release of RB was obtained in one week for PGD11. Whereas,

only 5% and 3% release of RB was observed in one week for PGD

12 and PGD 13, respectively. Similarly, for RBB, 7%, 6% and 4%

release was observed in the case of PGD 11, PGD 12 and PGD 13

in one week, respectively. Identical to the degradation studies,

the trend for variation in dicarboxylic acids for both RB and RBB

was PGA > PGSu > PGD. Similarly, the trend for varying molar

ratios of galactitol : diacids was 11 > 12 > 13. This trend was

similar for all dicarboxylic acids in the case of both RB and RBB.

The overall trend could be ascribed to the hydrophobicity

and the degradation rate of the polymers.43 As elucidated in the

Fig. 7 Cell viability of various polyesters determined by WST assay for

day 1 and day 3. * above the bars indicate that the samples are

statistically significant when compared to control.

Fig. 6 In vitro release of hydrophobic RBB dye from (a) PMA (b) PMS (c)

PMD. The inset of all the plots show the variation of (Mt/MN) with t
1/2

(h1/2) and the release exponent.
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degradation section, the increase in chain length of the dicar-

boxylic acids and the increase in molar ratios of galac-

titol : diacids are responsible for the increase in hydrophobicity

of the resulting polymers. This is the contributing factor for the

slower degradation and lower dye release from the polymers.

By comparing the release between RB andRBB, predominantly,

the release of RB will be faster than that of RBB. It is intuitive that

the release of RBB will be slower since it is a hydrophobic dye and

the surrounding medium is hydrophilic. Furthermore, the affinity

of RBB towards the polymer will be higher as the polymer is

hydrophobic in nature. The release of both the dyes was slower

than the degradation of the polymer. Comparison between the

FTIR spectra of before and aer cured polymer revealed that the

–COOH group of the dye reacted with the –OH group of the

polymer to form esters during curing. Therefore, the rate of the

dye release was slower than that of the polymer degradation. This

has been observed previously in a different study.44

Korsmeyer–Peppas model was used to calculate the release

rates of RB and RBB45 and is given by the following relation,

Mt

MN

¼ kt
n (5)

In the eqn (5), Mt and M
N

denote the concentration of the

dyes released at the specic time interval and the initial amount

of dye loaded, t signies time, k represents the release rate

coefficient and n is the release exponent. The release exponent

(n) of the Korsmeyer–Peppas model could be used to charac-

terize different release mechanisms. n < 0.5 represents quasi-

Fickian diffusion, n > 1 represents case 2 transport, n ¼ 1

represents zero order release while n ¼ 0.5 represents Fickian

diffusion (Higuchi kinetics). The release rates of all polymers in

this study for both dyes follow Higuchi kinetics with n ¼ 0.5

(Table 1). Thus the plots of ln(Mt/MN) versus ln(time) is linear

with a slope of 0.5. Therefore, linear plots are obtained whenMt/

M
N

is plotted against t1/2 (h1/2), as shown in the insets of Fig. 5

and 6. The release rate constant (k) was obtained from the slope

of the linear plot (Table 1). According to the k values, consid-

ering different diacids, the release of RB from PGA 11 was

approximately 1.5 times and 3.5 times faster than PGSu 11 and

PGD 11, respectively. Similarly, in the case of RBB, the release

from PGA 11 was approximately 2.5 times and 6 times faster

than that of PGSu 11 and PGD 11, respectively. In the aspect of

different molar ratios, the release of RB from PGD 11 was 1.3

times and 1.7 times faster than that of PGD 12 and PGD 13,

respectively. Similarly, the release of RBB from PGD 11 was 1.2

times and 1.6 times faster than that of PGD 12 and PGD 13,

respectively. It can be concluded based on the k values (the

release rate coefficient in Table 1) that a library of polyesters

were synthesized yielding tuned release appropriate for

a multitude of biomedical applications. All polyesters showed

optimal release ranging from 47% to 4% in a week. For example,

PGD 13 showing 4% release may bet sustained release appli-

cations. These polymers are suitable materials for synergistic

applications of drug delivery apart from being employed as

tissue engineering scaffolds. Further, these materials can be

made bioactive by incorporatingmolecules that may be released

over a course of time to achieve enhanced tissue regeneration.

3.5 Cytocompatibility studies

As these polyesters were developed for biomedical applications,

testing the cytocompatibility of these polymers becomes

a prerequisite. Because these polyesters show potential for bone

regeneration, MC3T3-E1 was used. WST assay was used to

evaluate the cell viability since only live cells are capable of

converting tetrazolium salts to water soluble formazan crystals.

Hence, the obtained absorbance values are directly proportional

to the amount of live cells present. PGA 13, PGSu 13 and PGD 13

were chosen based on their slow degradation. WST assay (Fig. 7)

Fig. 8 Optical micrographs of MC3T3 E1 cells on the surface of the

TCPS treated with (a) with fresh media at 10� magnification (b) media

containing the degradation products of PGD 13 at 10� magnification.

Scale bar indicates 20 mm.

Fig. 9 Quantification of mineral deposition on PGSu 13 and PGD 13

surfaces at day 7, day 14 and day 21. * above the bars indicate that the

samples are statistically significant when compared to each other.
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revealed that all polymers were cyto-friendly in nature. On day 1,

the cells were well attached on all polymers. On day 3, the

absorbance values increased from day 1 to day 3 indicating that

the cells have proliferated. These results state that these poly-

mers are non-toxic in nature and hence may prove to be

appropriate materials for biomedical applications.

Analyzing cell morphology is essential since reports suggest

that the cell morphology is directly correlated with cell function.46

Optical micrographs (Fig. 8a and b) displayed that the cells of

both the samples and control displayed their characteristic

“spindle shaped morphology” upon exposure to media contain-

ing degradation products. This suggests that the degradation

products pose no toxic effects and did not affect the morphology

or viability of cells. The cells appeared to be healthy, adhered,

well proliferated and spread. Therefore, it is logical to conclude

that these materials can be used for tissue engineering in vivo.

3.6 Osteogenic differentiation studies

The capability of these polymers to direct the cells towards

osteogenic lineage was evaluated by studying themineralization

(calcium phosphate deposition). The mineral deposits were

quantied by ARS staining (Fig. 9). It was proven from ARS

staining that cells cultured on PGSu 13 showed more calcium

deposition. The absorbance values increased from 0.3 to 0.5

from day 7 to day 21 in the case of PGSu 13. In the case of PGD

13, the calcium deposition was comparably lower which was 0.2

to 0.3 from day 7 to day 21. Statistically signicant differences

were observed between PGSu 13 and PGD 13 only on day 21.

Despite the lower deposition of calcium, the absorbance values

increased from day 7 to day 21 signifying that both the polymers

showed positive response for osteogenic differentiation.

SEM micrographs showed that the morphology of the cells

were round that could be attributed towards the hydrophobicity

of the polymer surface47 (Fig. 10a and c). Despite the round

morphology, it is note-worthy mentioning that the cell viability

and proliferation remained unaffected suggesting that these are

the promising candidates for bone regeneration. The number of

cells were higher on PGSu 13 when compared to PGD 13. The

presence of calcium and phosphate was conrmed and quan-

tied based on EDS analysis (Fig. 10b and d). Higher calcium

deposits were found in PGSu 13 whereas both calcium and

phosphate deposition was seen only on PGD 13.

The phosphate deposition was additionally supported by

FTIR analysis on PGD 13 (Fig. 11). The presence of 1344 cm�1

and 1052 cm�1 correspond to P]O (phosphate bond)

stretching.

4. Summary and conclusions

A spectrum of polymers were synthesized based on galactitol

and dicarboxylic acids by modifying the monomers and their

molar stoichiometric ratios. As a result, a family of tailored

polymers exhibiting variations in mechanical properties,

Fig. 10 SEMmicrographs coupled with EDS spectra of mineral deposited polymer discs (a) SEMmicrograph of PGSu 13 (b) EDS spectra of PGSu

13 (c) SEM spectra of PGD 13 (d) EDS spectra of PGD 13 (magnification ¼ 1.24k�, scale bar ¼ 20 mm).

Fig. 11 FTIR spectra of the mineralized PGD 13.
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degradation and release proles were obtained. These polymers

can be utilized for various biomedical applications depending

on the specic need. For example, PGD 12 possesses a modulus

of 110 MPa but displays a weight loss of 23% in a week. Simi-

larly, PGD 13 also degrades 19% in a week which is closer to

PGD 12 but showed a lower modulus of 29 MPa. It can be seen

that an individual property (mechanical) can be tuned without

inuencing other properties (degradation). Other polymers

such as PGS 11 which showed a weight loss of 44% andmodulus

of approximately 1 MPa can nd applications in so tissue

engineering such as blood vessels, cartilage etc.48 The degra-

dation rate followed rst order while the dye release followed

Higuchi kinetics based on Fick's diffusion. The proles for all

polymers were widely heterogeneous. A systematic variation

explains that PGSu 13 and PGD 13 showed favorable degrada-

tion, optimal modulus and high osteogenic differentiation

properties. Although this strategy is applied for this study, this

can be leveraged for many polymeric systems to obtain mate-

rials betting specic biomedical applications.
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