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Abstract
Biodegradable polymers degrade due to the hydrolysis (chain scission) of the polymer chains. Two theories of 

hydrolysis are that 1) scissions occur randomly at any bond in chains, and 2) scissions occur in the final bond at 
chain ends. In this study, a simulation tool was developed to simulate both random chain scission and chain end 
scission. The effect of each type of scission was analysed. Random scissions were found to have over 1000 time’s 
greater impact on molecular weight reduction than end scissions. For the degradation of poly lactic acid by random 
scission, it was found that Mn must reduce to <5000 g/mol in order for a polymer to exhibit significant mass loss due 
to the diffusion of water-soluble short chains. In contrast, end scission was able to produce a significant fraction of 
water-soluble chains with little or no effect on Mn. The production rate of water-soluble chains was linearly related 
to end scission but increase in an accelerated manner due to random scission. Molecular weight distributions were 
fitted to experimental data for the degradation of poly D-lactic acid.

Introduction
Biodegradable polymers are used in medical devices such as 

fixation plates, sutures, or micro particles for the controlled release 
of drugs. Typical polymers are poly lactic acid (PLA), poly glycolic 
acid (PGA), and poly caprolactone (PCL). During degradation, the 
ester bonds within polymer chains are cleaved due to the hydrolysis 
reaction in the presence of water. It has been suggested that both chain 
end scission and random chain scission occur [1] and mathematical 
models have been able to fit experimental data with assumptions of 
random scission [2-4], end scission [5], or a combination of both [6]. 
In random scission, every bond in a polymer chain is assumed to be 
equally susceptible to hydrolysis. In chain end scission, the final bond 
in a chain is cleaved resulting in the production of a monomer. The final 
bond may be more susceptible to hydrolysis because of its proximity to 
the acidic chain end which may catalyse the hydrolysis reaction [7,8]. 
Given a typical polymer chain may consist of several thousand bonds, a 
large number of end scissions may be required per chain in order for the 
reduction in chain length to be comparable to a single random scission. 
Gel permeation chromatography (GPC) is often used to determine 
molecular weight. In GPC the time taken for polymer chains to pass 
through a column of porous beads is affected by their molecular weight. 
The fraction of the polymer within chains of a given molecular weight 
range can be calculated to find the distribution of molecular weights. 
However, it may not be possible to differentiate between low molecular 
weight chains, which are beyond the scope of GPC. As a result, it may 
be most appropriate for theoretical calculations of molecular weight 
to exclude chains below a certain length. It may also be the case that 
water-soluble chains can diffuse out of the polymer [9] in which case, 
they would be excluded from GPC analysis. In this paper, a numerical 
simulation tool is presented that can simulate random scission and end 
scission of polymer chains. It has the ability to include all chains or only 
water-insoluble chains in the molecular weight calculations.

Details of the Computer Simulation Scheme
A simulation tool is developed in the form of a Microsoft Excel 

2010 spreadsheet which can be freely downloaded by the readers (see 
Supplementary Information). A list of initial polymer chain lengths 
are manually entered into a column of the Excel spreadsheet. Each row 
contains a number which represents the length of an individual polymer 
chain. Macros use the visual basic programming language within Excel 
to simulate end scission and random scission of polymer chains. 

The random scission scheme contains the following steps:

1. Randomly select a bond from the total number available.

2. Determine which chain contains the selected bond.

3. Determine the length of the two chains that are produced when 
the original chain is cleaved at the selected bond.

4. Replace the number that represents the original chain length 
with a number that represents one of the new chains’ lengths.

5. Add a number that represents the length of the other new chain 
to the list of chains.

The end scission scheme is as follows:

1. Randomly select a chain from the total number of chains 
containing at least 1 bond.

2. Reduce the number that represents the original chain length by 1.

3. Add a new chain to the bottom of the list of chains with a length 
of 1.

The combined random scission and end scission scheme is as 
follows:

1. Randomly select whether to perform a random scission or end 
scission. The probability of selecting each scission type is weighted 
proportionally to the fraction of forthcoming scissions that are of that 
type.

2. Run the end scission or random scission scheme.

3. Update the number of scissions and repeat steps 1 to 2 until all 
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value is the average of 250 simulations. The average initial molecular 
weights are slightly higher than the nominal values due to some of the 
initial 99 scissions leading to water-soluble chains. The visual basic 
macro that is used to produce the results is included in the simulation 
tool. It can be seen that end scissions do not reduce molecular weight 
and can in fact cause it to increase due to low molecular weight chains 
being shortened below the solubility limit, as shown in figure 2. In 
contrast, even a small number of random scissions cause a reduction in 
molecular weight. It has been reported that end scission may occur 100 
times more frequently than random scission in PLA [1], in which case 
the results here indicate the degradation of molecular weight is due to 
random scission as opposed to end scission. It should be noted that for 
a very narrow molecular weight distribution, the effect of end scission 
is that Mn reduces at the same rate as the monomer weight fraction 
increases in the polymer. If the water-soluble chains are included in the 
calculation for molecular weight, the results are generally unaffected for 
Mw or random scission Mn, whereas results for end scission Mn become 
identical to random scission Mn.

scissions are performed.

The simulation tool sets a limit of 10000 chains in order to ensure 
fast performance, although this number can be increased with simple 
modifications. The same set of initial chain lengths can be used for 
multiple simulations in order to determine the average effect of random 
or end scissions. The number averaged molecular weight, Mn (g/mol), 
weight averaged molecular weight, Mw (g/mol), and polydispersity 
index, PDI, of the polymer chains are calculated by the simulation tool 
according to eqs 1 and 2 Mn is calculated as the total weight of all chains 
divided by the number of chains:

        
 0total

n
N MM

n
=                    (1)

Where Ntotal is the sum of polymer units in all chains, M0 is the molar 
mass (g/mol), and n is the total number of chains. Mw is the sum for all 
chains of molar mass multiplied by chain length, Ni, and the probability 
of a polymer unit lying in that chain, Ni/Ntotal:
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The molecular weights are also calculated excluding water-soluble 
chains because they may be too small to be measured by GPC or may 
diffuse from the polymer. The maximum length of water soluble chains 
is manually chosen. Ntotal becomes the total number of polymer units 
of water-insoluble chains, n becomes the number of water-insoluble 
chains, and the summation in Eq. 2 considers only water-insoluble 
chains.

The simulation tool plots graphs of molecular weight distribution 
and chain-length distribution as demonstrated in case study 1.The 
fraction of the total polymer units that are contained within chains 
of given length-range is plotted on the molecular weight distribution 
graph. The ranges are chosen to have equal widths on a log scale, 10 
divisions per order of magnitude. The number of chains within a given 
length-range is plotted on the chain length distribution graph, which is 
useful for analysis of low molecular weight chains. All calculations are 
visible in the simulation tool spreadsheet.

Case Studies
Case study 1: Initial test of molecular weight distribution

The simulation tool is used to produce a typical random PLA 
polymer of Mw=522000 g/mol, Mn=256000 g/mol, and PDI=2.02 by 
performing 9999 random scissions on a single chain of 35.5×106 ester 
units with M0=72 g/mol. The molecular weight distribution is shown 
in figure 1a and the chain length distribution is shown in figure 1b.The 
peak of each curve is approximately 513000 and 257000 g/mol, which 
is in good agreement with the calculated values of Mw=515000 and 
Mn=256000 g/mol. Due to the random nature of the simulation, the 
results vary each time they are calculated but PDI is always≈2.

Case study 2: The effect of random and end scission

The effect of end scission and random scission on the reduction of 
molecular weight is tested for three polymers with molecular weights 
Mn≈40000, 120000, and 360000 g/mol and PDI≈2. The different 
polymers are simulated by performing 99 random scissions on initial 
chains of 55556, 166667, or 500000 units. Chains containing less than 
12 units are considered to be water soluble [7] and are not included 
in the calculation of molecular weight. The results for Mn reduction 
and Mw reduction are given in table 1 and table 2 respectively. Each 
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Figure 1: Molecular weight distribution (a) and chain length distribution (b) for 
the random polymer chain distribution generated in case study 1.

Polymer initial 
Mn (g/mol)

Reduction in Mn due to:
50 end 
scissions

500 end 
scissions

5000 end 
scissions

5 random 
scissions

50 random 
scissions

500 random 
scissions

40506 0% 0% 0% 5% 33% 82%
120509 0% 0% 0% 5% 33% 83%
360483 0% 0% 0% 5% 33% 83%

Table 1: reduction in Mn due to end scission and random scission in case study 2.

Polymer initial 
Mw (g/mol)

Reduction in Mw due to:
50 end 
scissions

500 end 
scissions

5000 end 
scissions

5 random 
scissions

50 random 
scissions

500 random 
scissions

78905 0% 0% 1% 4% 33% 83%
237943 0% -1% -1% 5% 33% 83%
714741 -1% 0% 0% 5% 33% 83%

Table 2:  Reduction in Mw due to end scission and random scission in case study 2.
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Case study 3: Prediction of the water-soluble fraction of 
degrading polymers

The simulation tool is able to calculate the fraction of the polymer 
that is water-soluble, which is equivalent to maximum possible mass 
loss due to the diffusion of water-soluble chains. The simulation 
tool is used to 1) determine the rate at which the fraction of waters-
soluble chains increases, and 2) identify at what molecular weight the 
water-soluble chains account for 5% of total polymer mass (5 wt%) 
in a degrading polymer. Simulations are run for random scission and 
end scission of a random initial polymer chain distribution, which 
is generated by 99 random scissions of an initial chain containing 
150000 units. The reported maximum length of water-soluble chains 
varies in the literature [7,9-12] so this study considers values of 7, 11, 
or 15 polymer units. The average initial values of molecular weight are 
Mn≈109000 and Mw≈214000 g/mol. For end scission, there is virtually 
no change in molecular weight when the polymer is degraded to the 
extent that water-soluble chains account for 5% of total mass. This is 
due to the phenomenon previously explained in figure 2. Mass loss 
is therefore possible without any apparent degradation of molecular 
weight if end scission occurs. For random scission however, in order 
to achieve 5 wt% water-soluble chains, the molecular weight reduces 
to approximately 2100, 3100, or 4200 g/mol for Mn, and 3200, 4800, or 
6500 g/mol for Mw, when the solubility limit is considered to be 8, 12, 
or 16 units respectively. The relationship between the solubility limit 
and the molecular weight at which 5 wt% of water-soluble chains are 
achieved is linear for random scission as can be seen in figure 3. Each 
data point is the average of 100 simulations.

The simulations were also run for a polymer of monodisperse 
distribution, which consisted of 100 chains each containing 1500 units. 
For random scission, the results are almost identical to those for an 
initial random distribution because molecular weight reduces to 
such an extent that the initial distribution has little or no effect. The 
magnitude of initial molecular weight also has negligible effect for 
random scission. For end scission, a monodisperse initial distribution 

results in a molecular weight reduction of 5% in order to generate 5 
wt% soluble chains.

The rates of production of water-soluble chains for random 
scission and end scission are shown in figure 4. The same random 
initial polymer chain distribution is used as before (150000 polymer 
units in 100 random chains) and the curves are the average of 100 
simulations. For end scission, the soluble fraction increases linearly 
and is not sensitive to the solubility limit because monomers are always 
considered to be soluble. The effect of reducing chains beneath the 
solubility limit is negligible compared to the production of monomers. 
In contrast, random scission is sensitive to the solubility limit and the 
rate of production of water-soluble chains accelerates as the number 
of random scissions increases. In degradation experiments, there is 
often an initial delay followed by a sudden onset of mass loss. Since the 
simulated growth of the water soluble fraction due to random scission 
is quite slow, this work supports the theory of autocatalysis, that the rate 
of chain scission increases during degradation [13].

Case study 4: Comparison of molecular weight distribution 
to experimental data

The simulation tool can be used to model the changes to molecular 
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Figure 2: Demonstration of end scission on five polymer chains without causing 
a reduction in average molecular weight. Initial chain lengths are 6, 12, 15, 17, 
and 20 polymer units. Molecular weight reduces due to the reduction in length 
of longer chains but increases as short chains become too small to be detected 
by GPC. In this example chains of less than 6 units are considered too short to 
be measured by GPC.
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weight distribution for a polymer during degradation. Tsuji [14] 
measured the molecular weight distribution of poly D-lactic acid 
films during hydrolysis in phosphate buffer solution (pH 7.4) at 
37°C. Measurements were taken after 0, 8, 16, and 24 months in the 
degradation solution. The initial molecular weight distribution used 
in the simulation tool was derived from the experimental data at 
time=0. It consisted of 425 polymer chains. The best fitting of simulated 
molecular weight distributions to the experimental data was achieved 
by performing 800, 1750, and 5300 random scissions in the time 
periods 0-8, 8-16, and 16-24 months respectively. The increase in 
scission rate supports the theory of autocatalysis [13]. The simulated 
and experimental distributions are shown in figure 5. Each curve is the 
average of 200 simulations. The molecular weight distributions generated 
by the simulation tool are similar to the distributions measured by GPC 
which suggests that molecular weight degradation is due to random 
scission. After 24 months, the simulated and experimental curves begin 
to diverge because the polydispersity of the samples increases which 
cannot be accounted for by random scission. Although an increase in 
polydispersity could be achieved by a simple combination of random 
scission and end scission, the resulting molecular weight distribution 
simply includes a sharp peak at a molecular weight of 72 g/mol, so the 
fitting between simulated and experimental curves is not improved, and 
in any case it is likely that the monomers are too small to be detected by 
GPC. These results may suggest that in the late stages of degradation, 
chain scission occurs preferentially towards the end of chains, but not 
only in the final bond, or preferentially in shorter chains.

Conclusions

The simulation tool can be used to simulate end scission and 
random scission for a manually entered distribution of initial polymer 
chains. Case studies have demonstrated the use of the simulation tool. 
It is possible to generate a random initial distribution of chain lengths 
with PDI≈2. The case studies also generated some interesting findings 
about the effect of random scission and end scission. Random scission 
has over 1000 times more impact than end scission on the reduction of 
molecular weight. However, for 5 wt% mass loss to be attributed to the 
diffusion of water-soluble small chains, produced as a result of random 
scission, Mn must reduce to <5000 g/mol. This value of Mn reduces 
as the assumed solubility limit of small chains reduces. In contrast, 
end scission may produce 5 wt% soluble chains with no reduction of 
Mn. The fraction of water-soluble small chains increases linearly with 
the number of end scissions but increases accelerated with random 
scissions. Simulated distributions of molecular weight due to random 
scission are similar to experimental molecular weight distributions 

during hydrolysis of PDLA for up to 18 months of degradation. The 
simulation tool is freely available and can be simply modified if desired. 

Supplementary Information
A preview of the spreadsheet is shown in figure 6. The user must 

enable the macros when prompted upon first opening the spreadsheet. 
The macros that are used to simulate random scission, end scission, 
and produce the results for case studies 2-3 can be analysed and edited.
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