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Abstract

The biodegradation of polycaprolactone (PCL), polylactic acid (PLA), polyglycolide (PGA) and their

copolymers, poly (lactide-co-glycolide) and poly (D, L-lactide-co-caprolactone) (PLCL)was

investigated. The influence of different solvents on the degradation of these polymers at 37 °C in the

presence of two different lipases namelyNovozym435 and the free lipase of porcine pancreas was

investigated. The rate coefficients for the polymer degradation and enzyme deactivationwere

determined using continuous distribution kinetics. Among the homopolymers, the degradation of

PGAwas nearly an order ofmagnitude lower than that for PCL and PLA. The overall rate coefficients

of the copolymers were higher than their respective homopolymers. Thus, PLCLdegraded faster than

either PCL or PLA. The degradationwas highly dependent on the viscosity of the solvent usedwith the

highest degradation observed in acetone. The degradation of the polymers in acetonewas nearly twice

that observed in dimethyl sulfoxide indicating that the degradation decreases with increase in the

solvent viscosity. The degradation of the polymers inwater-solventmixtures indicated an optimal

water content of 2.5 wt%ofwater.

1. Introduction

Biodegradable polymers have awide variety of uses ranging from food packaging to biomedical applications.

Some of these biodegradable polymers such as polyurethanes, polyesters, polyanhydrides and polyacrylates also

demonstrate antimicrobial properties [1, 2]. Their degradation proceeds primarily via hydrolysis forming lower

molecular weight fragments. The study of the degradation of these polymer is useful for environmental

applications wherein post-consumer productsmade of such polymersmay be discarded in landfills andwater

bodies, and processed inwaste recycling plants [1]. The stability and degradation of the polymer is also an

important aspect for their application in biomedicine and the degradation of the polymer can affect cell growth,

drug release, host response etc [3].

Lipase, an esterase enzyme, can cleave or hydrolyze ester bonds in polyesters such as poly(lactic acid) (PLA)

and poly(ε-caprolactone) (PCL) etc [3]. Polymer degradation can vary depending on thematrix, the solvent used

[4] and nature of polymer/enzyme [5].While PCL can be used for drug delivery [6], the degradation of PCL and

other polyestersmainly occurs on their surface as their hydrophobicity limits the interactionwith the

hydrophilic enzyme. Poly (lactide-co-glycolide) (PLGA) is also extensively used in bone tissue engineering [7],

bone regeneration [8] but several factors [9] including fluid flow [10] affect the degradation of PLGAboth in vitro

and in vivo. The degradation of copolymers such as PLA–PCL–PLAhas also been investigated [11]. Though

degradation of individual polymers has been reported, the effects of various solvents on their degradation have

not been reported.

The degradation of polymers has been extensively investigated undermelt, thermal and catalytic conditions

[12]. However, these processes have high heat transfer resistance, highmelt viscosity, and also result in

undesirable by-products [13]. Degradation in solution is an alternatemethodology wherein all products are in a

RECEIVED

11March 2015

REVISED

6 July 2015

ACCEPTED FOR PUBLICATION

14August 2015

PUBLISHED

11 September 2015

©2015 IOPPublishing Ltd



single liquid phase ofmuch lower viscosity that enables better heat transfer resulting in enhanced reaction rates

[14], and often resulting in amodified product profile [15].

Lipases exhibit stability and activity even in organic solvents [16] presumably because a thin layer of water is

bound to the enzyme that allows retention of the enzyme’s native conformation [17]. Thus lipases can be

potentially used in the enzymatic degradation of polymers in organic solvents. The synthesis of polymers using

enzymes as catalysts has been proposed as a benign process [18] involving trans-esterification that involves the

ester group cleavage in the polymer chain. Thus the enzymatic degradation (hydrolysis) of polyesters in non-

aqueous such as organicmedia is important [18]. In this regard, an one-pot degradation−polymerization of

biodegradable polymers has been proposedwith lipase as the catalyst [19]. In this process, the degradation of the

polymer is carried out in non-aqueousmedia and then the solvent is removed and the oligomer is polymerized.

This repeated cycle of polymerization followed by degradation results in an environmentally benign process of

polymer recycling [20]. This process requires optimizationwith regard to the lipase and the solvent to be used.

Sivalingam et al [21]have reported the influence of different solvents on PCL degradation but the effect of

solvents on other polymers has not been reported. Thus themain objective of this studywas to investigate the

influence of various solvents and solvent–water combinations on the degradation of polymer and their

copolymers in the presence of lipases. The degradation kinetics have been studied and kinetic parameters for

polymer degradation and enzyme deactivationwere determined based on continuous distribution kinetics.

2. Experimental

2.1.Materials

Polycaprolactone (PCL), polylactic acid (PLA), polyglycolide (PGA), poly (lactide-co-glycolide) (PLGA), poly

(DL-lactide-co-caprolactone) (PLCL) and free lipase (porcine pancreas)were obtained fromSigmaAldrich

(USA). Commercial immobilized lipase, Novozym435was obtained fromNovozym Inc.. All other chemicals,

such as dimethyl sulphoxide (DMSO), 1, 4-dioxane, dimethyl formamide (DMF), dichloromethane (DCM),

tetrahydrofuran (THF) and acetonewere obtained fromS.D. FineChemicals (India).

2.2.Degradation experiments

Enzymatic degradation and the solvent effect on the degradation of different polymers (PCL, PGA, PLA, PLGA,

PLCL)were carried out infive different solvents (DMSO,DMF,DCM, dioxane and acetone) in the presence of

Novozym435 and porcine pancreas lipase at 37 °C. 10 mLof polymer solution (2 g L−1
)with 1 g L−1 of each

lipase was taken in reaction vials kept at constant temperature in an incubator-shaker. The temperature of the

incubatorwas controlledwith a variation of±1 °C. Samples of 500 μLwere taken at time intervals for analysis in

gel permeation chromatography (GPC). No degradationwas observedwhen experiments were also conducted

without any enzyme.

2.3. GPC analysis

The samples were analyzedwith aGPC system that consists of aWaters pump, 100 μl sample loop, threeGPC

columns of different pore sizes, and a refractive index detector (Waters 2410). THFwas used as the eluent with a

flow rate of 0.9 mLmin−1. The universal calibration curvewas used that was based on polystyrene standards and

converted using theMark–Houwink equation.

3. Theoreticalmodel

The polymer is cleaved at specific chain positions by the enzymes and produces oligomers ofmolecular weight

(xa ) given by

P x P x x Q x . 1
k

a a
s

( ) ( )( )⟶ ( )- +

P x( ) and Q xa( ) represent themolecular weights of polymer and degraded specific product, whosemolar

concentrations are given by p x t,( ) and q t .t ( ) Thus the population balance for the polymer and product can be
expressed as [22] and given by equations (2) and (3)
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The enzyme activity can be represented as a t a k texp ,d0( ) ( )= - where a0 represents the enzyme activity at

t=0 and kd is rate coefficient of deactivation of the enzyme. The rate coefficient for polymer degradation, ks, is

independent ofmolecular weight [23] for specific chain scission and themoment equations for equations (2)

and (3) are given by equations (4) and (5), respectively
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The 0th and 1stmoments can be obtained by putting i=0 and 1 in the equations (4) and (5). For i=0, the
total polymermoles (p 0 )( ) does not changewith time i.e., p p0

0
0( ) ( )= and equation (5) can be solvedwith i=1

and the initial condition of q(1)
(t=0)=0, to yield equation (6)
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The simplifiedmass fraction of the formed specific products can be determined from equation (8) by

dividing equations (6) and (7)

Figure 1.Gel permeation chromatographs of enzymatic degradation of (a)PLA (b)PLCL in various solvents in the presence of
Novozym 435 at 408 h of degradation. Degradation of (c)PLA and (d)PLCL in the presence ofNovozym435 in acetone at varying
times of degradation.
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The above equations represent the time evolution of themass fraction of the specific products. These

equations can be used to calculate the rate coefficient of polymer degradation, ks and the enzyme deactivation

rate coefficient, kd. Both these rate coefficients have units of time−1.

4. Results and discussion

The influence of solvents on the enzymatic degradation of all the polymers and copolymers namely PCL,

PGA, PLA, PLGA and PLCL was studied at 37 °C in solution. Solvents were chosen on basis of their

viscosity and polymer solubility. As a first approximation, all solvents were chosen such that the

Hildebrand solubility parameters ranged from 20 to 26MPa1/2 to ensure that the polymers are completely

soluble in the chosen solvents. This was further verified using the Hansen solubility parameters [24]. The

solvents were then chosen such that the viscosities varied an order of magnitude. Thus, acetone was the

least viscous solvent while dimethyl sulfoxide (DMSO) was the most viscous solvent. All other solvents had

viscosities between these two solvents. The viscosities of the solvents were taken from a standard

handbook [25].

Table 1.Rate coefficient for enzyme deactivation and Polymer–copolymer degradation.

Novozym435 Porcine pancreas lipase

Polymer Solvent qs/p0
(1)

(x10−3
) kd (x10−3

) ks (x10
−3

) kov qs/p0
(1)

(x10−3
) kd (x10−3

) ks (x10
−3

) kov

PCL Acetone 66.46 4.36 42.15 9.66 13.07 6.37 11.57 1.90

DCM 32.86 4.80 22.94 7.01 11.84 8.06 10.97 1.72

DMF 48.20 5.82 40.80 4.78 9.45 9.94 13.66 1.37

1, 4-dioxane 22.58 6.13 20.13 3.28 6.23 12.10 13.88 0.90

DMSO 21.06 6.57 20.12 3.06 6.35 12.52 12.11 0.92

0.5%water 50.41 5.21 38.20 7.33 15.30 5.90 13.13 2.22

1%water 57.74 4.85 40.73 8.39 17.10 5.12 12.73 2.48

2.5%water 52.63 4.73 36.21 7.65 17.62 4.87 12.48 2.56

PLA Acetone 66.08 2.94 30.97 10.53 12.72 6.2 12.58 2.02

DCM 32.57 5.16 26.80 7.49 11.64 8.29 15.38 1.85

DMF 47.02 8.14 61.02 5.19 9.16 9.44 13.80 1.46

1, 4-dioxane 22.46 9.82 35.17 3.58 6.13 10.66 10.42 0.97

DMSO 20.65 10.8 35.55 3.29 4.72 11.81 8.90 0.75

0.5%water 54.56 2.60 22.62 8.70 21.17 3.54 11.95 3.37

1%water 61.99 5.62 55.54 9.88 22.43 4.04 14.45 3.57

2.5%water 65.76 5.85 61.34 10.48 23.14 4.87 17.97 3.69

PGA DMF 2.14 8.21 2.57 0.31 1.69 2.62 0.65 0.24

1, 4-dioxane 1.85 10.5 2.86 0.27 1.47 3.43 0.74 0.21

DMSO 1.02 17.39 2.62 0.15 0.50 4.65 0.34 0.07

0.5%water 5.16 7.57 5.73 0.75 3.14 6.37 2.93 0.46

1%water 8.90 5.94 7.76 1.30 6.28 7.51 6.92 0.92

2.5%water 12.67 8.54 15.88 1.86 12.57 7.75 14.30 1.84

PLCL Acetone 70.96 6.61 86.7 13.1 13.57 17.34 43.5 2.51

DCM 59.63 9.09 100 11.0 12.44 17.61 40.52 2.30

DMF 50.31 11.89 110 9.30 11.24 18.64 38.75 2.07

1, 4-dioxane 31.33 14.68 85 5.79 9.82 19.74 35.83 1.81

DMSO 27.81 15.53 79.8 5.14 7.35 21.03 28.58 1.35

0.5%water 63.81 9.24 109 11.8 13.22 9.17 22.41 2.44

1%water 66.99 8.91 110 12.4 14.24 9.94 26.17 2.63

2.5%water 67.70 9.78 122 12.5 15.27 10.43 29.43 2.82

PLGA Acetone 35.25 8.46 50.9 6.01 13.49 7.17 16.50 2.30

DCM 32.65 9.65 53.7 5.57 11.52 7.75 15.24 1.96

DMF 26.62 10.43 47.4 4.54 10.35 8.47 14.96 1.76

1, 4-dioxane 20.66 11.54 40.7 3.52 6.40 9.79 10.69 1.09

DMSO 16.45 13.18 37 2.80 4.69 11.75 9.40 0.80

0.5%water 36.87 7.68 48.3 6.29 15.23 10.13 26.33 2.59

1%water 37.96 8.73 56.5 6.47 18.30 10.64 33.21 3.12

2.5%water 39.05 9.42 62.7 6.66 20.61 8.55 30.07 3.51
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Figures 1(a) and (b) represent the typicalmolecular weight distribution byGPC analysis of PLA and PLCL in

various solvents after 408 h of degradation in the presence ofNovozym435. The reaction attained steady state

and no further degradationwas observed after 408 h and 504 h for porcine pancreas lipase andNovozym 435,

respectively. Thus it is been observed that immobilized lipaseNovozym435 has higher and longer activity than

free enzyme porcine pancreas lipase. Figures 1(c) and (d) show the enzymatic degradation of PLA and PLCL in

the presence ofNovozym435 in acetone at varying times of degradation.With an increase in the degradation

time, the specific product peak increases and it was constant aroundmolecular weight of 500.

Equation (8) implies that a plot of q tln 1 r[ ( )]- will be linearwith time and the slope can be used to

determine k .d After obtaining kd, equation (7) can be used to determine k .s The degradation product has a

molecular weight of around 500. The parameters, q t1 ( )( ) and p ,
0

1( ) are themass fractions of the specific product

and the polymer. These parameters can be obtained from the area under the respective peaks in the

chromatograph. The quantities, q t p ,1
0

1( )( ) ( )/ represent the ratio of the specific productmass fraction to the

polymermass. The values in tables for q p
s

1
0

1( ) ( )/ are based on the steady state obtained after 408 h and 504 h for

Figure 2.Mass fraction variation of specific product formedwith time for various polymers in various solvents; (a)PLAwithNovozym
435; (b)PLAwith porcine pancreas lipase; (c)PCLwithNovozym435; (d)PCLwith porcine pancreas lipase; (e)PGAwithNovozym
435; (f)PGAwith porcine pancreas lipase.
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porcine pancreas lipase andNovozym435, respectively. The rate coefficients of polymer degradation and

enzyme deactivation are listed in table 1.

Figures 2–5 show the variation of themass fraction of the products with time. The enzyme deactivation

coefficient, kdhas been calculated from the slope of semi-logarithmic plot of qrwith degradation time. Figures 3

and 5 show this plot and the value of kd is obtained from the slope of the lines in the figures. The polymer

degradation coefficient, ks, was then calculated from equation (7) using the determined kd value. Subsequently,

the values of ks and kdwas substituted in equation (7) and the variation of themass fractionwith time is shown in

figures 2 and 4.

Degradation of PCL, PLA, PGA, and their copolymers occurs in aqueousmedia by the hydrolysis of ester

bondswhose reaction is auto-catalyzed by carboxylic groups [26]. However, in the presence of a suitable

enzyme, the degradation rate can be considerably increased. For example, it has been reported that the

Figure 3.Variation of ln(1−qr)with degradation time for various polymers in different solvents. (a)PLAwithNovozym 435; (b)PLA
with porcine pancreas lipase; (c)PCLwithNovozym435; (d)PCLwith porcine pancreas lipase; (e)PGAwithNovozym 435; (f)PGA
with porcine pancreas lipase.
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degradation rate of PCL in the presence of lipase increased by two orders ofmagnitudewhen compared to the

degradation rate obtained in the absence of the lipase [27]. The hydrolysis of PCL by the enzyme occursmainly at

the polymer–enzyme surface because itmay be difficult for a hydrophilic enzyme to diffuse into a hydrophobic

polymer like PCL. Enzyme-catalyzed degradation of crystalline and hydrophobic polymeric biomaterials follow

amechanismbased on surface erosion [6] but themechanism can depend onmany factors such as homogeneity

and chemical composition [2, 28].

It ismost likely a small amount of water contained in the lipase and the residual water in the solvent was

involved in the ester bond hydrolysis in polyesters [18]. In all cases, the peak in theGPC corresponding to the

polymer decreasedwhile the peaks due to oligomers (at number-averagemolecular weight of around 500)

appeared.No polymerwhosemolecular weight was intermediate between those of the startingmaterial and the

oligomerwas observed. This indicates that polymer degradation by the enzymewas quite specific. This is in

direct contrast to degradation by acid catalysts wherein the degradation occurs on randompoints of the polymer

chain [18].

The overall rate coefficient, kov, which is dimensionless, can be determined from ks/kd. The rate coefficient

follows the order: PLCL>PLGA>PLA>PCL>PGA. Thus the overall rate coefficient of the copolymer,

PLCL,was higher than of both PCL and PLA. Similarly, the degradation of the copolymer, PLGA,was higher

than that of the homopolymers, PLA and PGA.However, therewas no significant difference in the rate

coefficients between PLA and PCL. PLCL exhibited at least 10% increased rate over PCLwhile PLGA also

exhibited at least 10%higher rate compared to PLA.

The solvent viscosity has a significant effect on overall degradation of PCL, PLA, PLCL, PGA and PLGA can

be observed infigure 6. The degradation of PLA, PLCL and PLGA follows a similar order in various solvents and

is acetone>DCM>DMF>1-4 dioxane>DMSO.Considering PGA is not soluble in acetone andDCM,

PGA also follows the same order. The overall rate coefficient of PLCLwas higher than of both PCL andPLA.

Similarly, the degradation of PLGAwas higher than that of PLA and PGA. The overall rate coefficient, kov, of

degradation of the polymers in acetone is nearly twice of that observed inDMSO. The difference of the rate

coefficients obtained inDCMand acetone is not significant. Similarly, the difference of the rate coefficients

obtained in dioxane andDMSO is not significant. However, in all the cases, the solvent viscosity affects polymer

Figure 4.Mass fraction variation of specific product formedwith time for various copolymers in various solvents. (a)PLCLwith
Novozym 435; (b)PLCLwith porcine pancreas lipase; (c)PLGAwithNovozym435; (d)PLGAwith porcine pancreas lipase.
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degradation inversely and the polymer degradation rate reduces with an increase in the solvent viscosity. This is

due to contact of polymer and enzyme in solvents with high viscosity. As the viscosity increases, the transport

properties reduce resulting in lower transport of the enzyme to polymer resulting in reduced polymer

degradation [23].

Hydrophobic solvents affects the hydration layer around the enzyme resulting in a conformational change.

Thus lipases that are in contact with awater–hydrocarbon interface have higher activity than that observed in an

anhydrous solvent [29]. To examine the effect of water on the enzyme activity and the degradation of the

polymers, these polymers were degraded in solvent (DMF)–watermixtures with different proportions of water.

DMFhas been chosen as the solvent for these experiments because all the polymers dissolve inDMF.When the

mass fraction of water ismore than 2.5%, PLCL and PLGAprecipitate from the solution. Thus this provides an

upper limit for thewater addition. Table 1 shows the kinetic parameters for the degradation of various polymers

at variouswater–DMF ratios. Fromfigure 7, it can be observed that the overall degradation coefficient increases

with an increase in thewater ratio. It can be observed that the rate coefficient nearly doubles in the presence of

2.5%waterwhen compared to the systemwithout water.However, kov becomes nearly constant after an initial

increase with a further increment of water content. In case of enzymatic degradation of the polymer in organic

solvents, the enzyme is saturated by an organic layer resulting in hydrophobicity of the enzyme resulting in lower

transport properties and lesser degradation. Though excessive water can deactivate the enzyme, an optimal

amount of water surrounding the enzyme ensure optimal activity. Previous studies have shown that the

maximumdegradation of PCL occurred at an optimumvalue concentration of 8.7 wt.%ofwater in acetone [21]

and the degradation decreased at higher concentrations of water. In this case, it is observed that the degradation

did not significantly increase after 1%water and it is expected that the degradationmay decrease with excessive

water.However, experiments were not conducted above 2.5% as the polymers are not completely soluble in

DMF–watermixtures ofmore than 2.5%water. However, these studies have shown that the presence of water in

organic solvents does significantly influence the degradation.

Figure 5.Variation of−ln(1−qr)with degradation time for various copolymers in different solvents. (a)PLCLwithNovozym 435;
(b)PLCLwith porcine pancreas lipase; (c)PLGAwithNovozym435; (d)PLGAwith porcine pancreas lipase.
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5. Conclusions

The enzymatic degradation of three polymers (PCL, PLA and PGA) and two copolymers (PLCL and PLGA)was

studied in various solvents in the presence of two lipases, Novozym435 and porcine pancreas lipase. The

immobilized enzymeNovozym 435 showed better activity than the free enzyme porcine pancreas lipase. Various

kinetic parameters such as the polymer degradation coefficient and enzyme deactivation coefficient were

determined from continuous distributionmodeling. The overall rate coefficient of PLCLwas higher than of

both PCL and PLA. Similarly, the degradation of PLGAwas higher than that of PLA and PGA. The influence of

solvents on the degradation of these polymers was also investigated. It was observed that the highest degradation

Figure 6.Effect of solvent viscosity on kov catalyzed by (a)Novozym 435, legend:+, PLA; •, PLCL;#, PLGA;$,PGA;♦, PCL; and (b)
porcine pancrease lipase, legend:,, PLA;d, PLCL;Δ, PLGA;∇, PGA; ,à PCL.

Figure 7.Variation of kovwith themass fraction ofwater in water–DMFmixture; (a)Novozym435, legend:+, PLA; •, PLCL;#,PLGA;
$,PGA;♦, PCL and (b)porcine pancrease lipase, legend:,, PLA;d, PLCL;Δ, PLGA;∇, PGA; ,à PCL.
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was observed in acetone and the lowest inDMSO. Thus, the activity of enzyme and polymer degradation

decreasedwith increasing viscosity of the solvent. The influence of water on polymer degradationwas also

studied by degrading the polymerwith different DMF–watermixtures and the optimal concentration of water

was determined.
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