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Abstract

The ability to form degradable hydrogels having controlled network structure is important for applications related to both drug delivery

and tissue engineering. Although significant advances have occurred, these applications cannot reach full potential without the availability of

materials with tunable degradation behavior. Here, we present novel thiol–acrylate degradable networks, which provide a simple method for

forming degradable networks having specific degradation profiles. Degradable thiol–acrylate networks are formed from copolymerizing a

thiol monomer with PLA-b-PEG-b-PLA based diacrylate macromers. A theoretical model has been developed to describe the kinetic chain

length distribution, the bulk degradation behavior, and the reverse gelation point of these thiol–acrylate hydrogels. Varying the thiol

functionality, as well as the relative stoichiometries of the thiol and acrylate functional groups, provides a facile means to control the kinetic

chain length distribution and the concomitant degradation behavior of these systems. The extent of percentage mass loss of the network at the

reverse gelation point is controlled from as low as 30% to as high as 95%, thereby giving the unique ability to dictate the material properties

of the hydrogel before the network becomes completely soluble.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Degradable materials have gained significant importance

in medical, environmental, and other applications. The

widespread interest in these materials is primarily due to

their potential in forming resorbable scaffolds for tissue

engineering applications and site-specific drug delivery

vehicles without the necessity for retrieval. One class of

degradable materials, hydrogels, which are hydrophilic,

crosslinked polymers, are currently receiving interest for

use in a wide variety of medical applications ranging from

contact lenses to drug delivery devices [1,2]. Hydrogels

swell to a great extent in water due to their hydrophilic

character but do not dissolve due to their crosslinked nature,

yielding characteristics similar to soft tissues. Degradable

hydrogels offer many of the same advantages of typical
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hydrogels but also contain chemical units in the network

structure that cleave either hydrolytically or enzymatically

[3–5]. This degradation mechanism facilitates their use as

scaffolds for controlled tissue regeneration as well as

matrices for drug administration, particularly for hydro-

philic compounds such as proteins and oligonucleotides

[6–11].

The ability to form hydrogels in vivo through photo-

polymerization greatly benefits medical applications as

complex structures are formed that adhere well to the

surrounding tissues. Photopolymerization rapidly converts

liquid monomers into crosslinked structures, utilizing

visible or UV light. Photopolymerization affords several

advantages over conventional polymerization techniques,

including rapid polymerization rates, spatial and temporal

control over polymerization, and minimal heat production.

Sawhney et al. [3] originally addressed the synthesis of

water soluble macromers that are photopolymerizable and

react to form biodegradable polymeric hydrogels. These

macromers, which are triblock poly(lactic acid)–poly(ethyl-

ene glycol)–poly(lactic acid) copolymers (PLA-b-PEG-b-

PLA) with acrylate end groups, are readily polymerized
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through the acrylate end groups to form hydrogels that

degrade through hydrolytic cleavage of the PLA units

within the gel crosslinks. Extensive studies have been

conducted on controlling the network formation and the

concomitant degradation of the crosslinked hydrogels

formed from multifunctional monomers [6,8,12–15]. A

comprehensive understanding of the network degradation

and mass loss profiles of these bulk eroding hydrogels was

further provided by theoretical modeling approaches

[15–17]. These works on degradable hydrogels indicate

that there is a strong impact of the macromer functionality

and chemistry as well as polymerization conditions on the

hydrogel degradation [8,16,18]. However, while control

over the number of crosslinks per kinetic chain, which

significantly impacts the degradation kinetics [16], is quite

limited with typical acrylate polymerizations, controlling

the degradation kinetics through changes in the degradable

chemistry involves design and synthesis of new macromers.

Further, polymerizations of macromers in varying concen-

trations, as a means to vary the number of crosslinks per

kinetic chain, significantly affects the initial mechanical and

swelling behavior along with changing the degradation

behavior. Recently, Hubbell and coworkers investigated

networks formed from Michael addition type reactions

between thiol and acrylate monomers [19,20]. These

networks are formed through step-growth polymerization

and provide enhanced control over the network structure.

Michael addition between thiol and acrylate monomers is

mediated by slightly basic environment. However, it is not

possible to have spatial or temporal control on the materials

formed from this route.

Here, we are interested in photopolymerizing acrylated

PLA-b-PEG-b-PLA macromers with multifunctional thiol

comonomers. Copolymerization of multifunctional, acry-

lated PLA-b-PEG-b-PLA macromers with thiol comono-

mers leads to the formation of crosslinked, degradable

thiol–acrylate networks. This copolymerization reaction

occurs through a mixed mode growth mechanism that is

radical mediated but combines features of both step and

chain growth polymerizations. The resulting network’s

properties are easily controlled with changes in either the

thiol functionality or its relative stoichiometric concentration.

Previously, a very limited number of investigations have

been conducted on thiol–acrylate photopolymerizations

[21–25]. Thiol–acrylate polymerizations are radical reac-

tions that proceed via a unique mixed step-chain growth

mechanism. The unique thiol–acrylate propagation mech-

anism is outlined below [26,27]. The thiyl radical

propagates through the vinyl functional group to form a

carbon based radical (step 1). This carbon-based radical

either chain transfers to a thiol to regenerate a thiyl radical

(step 2) or homopolymerizes with vinyl moieties (step 3). In

the case of vinyl moieties that do not readily homopolymer-

ize, as in pure thiol-ene reactions, the basic reaction

mechanism is sequential propagation-chain transfer mech-

anism that leads to step growth polymerization. For most
thiol-ene systems, the step growth mechanism dominates

over the chain growth homopolymerization of the ene

monomers [23]; however, in thiol–acrylate systems, where

the acrylic vinyl monomer undergoes significant homo-

polymerization, a competition exists between step growth

and chain growth mechanisms. Thus, in thiol–acrylate

systems the polymerization reaction is a combination of

both chain growth and step growth polymerization mech-

anisms. The balance of these two mechanisms controls the

network structure and, ultimately, the degradation behavior.

Previous researchers have translated this combination of

mechanisms into specie balances and kinetic equations for

these systems as presented in Eq. (1) [23,27]. In arriving at

Eq. (1), a pseudo steady state assumption was used along

with specie balance on the thiyl radical concentration

(kCTC$[SH]ZkpS–CS$[CaC]). The specie balance equation

on the thiyl radical concentration accounts for the

generation (step 2) or consumption (step 1) of thiyl radicals

through chain transfer and propagation mechanisms. These

investigations further found that the ratio of kpc-c/kCT in

several thiol–acrylate systems was approximately 1.5.

d½CZC�

d½SH�
Z

kpsKcS
$½CZC�CkpcKcC

$½CZC�

kCTC
$½SH�

Z 1C
kpcKc½CZC�

kCT½SH�
(1)

Here, [CaC] and [SH] represent the acrylate and thiol

concentrations, respectively. kpc-c gives the propagation

constant of the acrylate, and the chain transfer constant of

acrylic radical to thiol monomer is given by kCT.

Thiol-vinyl polymerizations, both the thiol-ene and the

thiol–acrylate polymerizations, exhibit all the advantages of

typical acrylate photopolymerizations including spatial and

temporal control over polymerization and excellent material

properties. Further, these reactions have several advantages

over acrylate polymerizations including rapid curing in the

presence of little or no initiator [28–31], reduced sensitivity

to oxygen inhibition [28,29,32,33], lower volume shrinkage

[34], and delayed gelation.

In this study we describe theoretically the bulk

degradation profiles of degradable thiol–acrylate systems

using modeling approaches where all the parameters are

related to physically relevant aspects of the system. As the

degradation behavior is severely impacted by the number of

crosslinks per kinetic chain [16], we first develop a route to

estimate the kinetic chain length distribution in these

systems. The bulk degradation model based on probability

and mean field kinetics is then utilized to predict the
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degradation phenomena of the model thiol–acrylate degrad-

able networks. This modeling approach is extendable to

other crosslinked, bulk degradable hydrogel networks that

are formed through mixed step-chain polymerizations.
2. Results and discussion

A three-dimensional network is formed when thiol and

multifunctional degradable acrylate monomers are copoly-

merized. The resultant network is a degradable system

having non-degradable backbones, consisting of the thiol

monomer and short polyacrylate chains emanating from it,

and the degradable PLA-b-PEG-b-PLA crosslinks connect-

ing these backbones to the network (see Scheme 1 for an

illustration). The microscopic cleavage of the lactide units

leads to the bulk degradation of the formed hydrogels, and

upon complete hydrolysis, the degradation products consist

of the PEG units, lactic acid units, and the non-degradable

backbones (Scheme 1). In this work, cyclization of acrylates

is neglected to simplify the model calculations.
Scheme 1. Illustration of the network formation of thiol–acrylate hydrogels and the

by .
Previous degradation modeling of crosslinked hydrogels

has revealed a strong impact of the number of crosslinks per

kinetic chain on the polymer degradation and mass loss

profiles [16]. Here, the nature of the thiol–acrylate

polymerization provides a facile means for controlling the

kinetic chain length over a much greater range than possible

otherwise. Although a complete examination of the network

evolution of thiol–acrylate systems is beyond the scope of

this study, the kinetic chain length evolution, which impacts

the degradation kinetics of the formed polymer, is addressed

here. A bulk degradation model based on elementary

probability is then used to show the impact of kinetic

chain lengths on degradation profiles.
2.1. Structural evolution of thiol–acrylate systems
2.1.1. Kinetic chain length of polyacrylate chains attached

to a thiol functionality

In thiol–acrylate systems the relative magnitudes of

propagation and chain transfer rates have a significant

impact on the polymer network structure and the resulting
ir subsequent degradation. The degradable polylactide units are represented



Fig. 1. Model predictions for the relative consumption of thiol and acrylate

functional groups in thiol–acrylate polymerizations with various stoichio-

metric ratios of thiol and acrylate groups. 50:50 thiol/acrylate (—), 30:70

thiol/acrylate (– –), 10:90 thiol/acrylate (††).

Fig. 2. Theoretical distributions of (a) number fraction kinetic chain lengths

and (b) weight fraction kinetic chain lengths for a 10:90 stoichiometric ratio

of mono-thiol: acrylate system. The x-axis of the plot represents the number

of acrylic units attached to a thiol group (length of polyacrylate chains),

while the y-axis represents the corresponding fraction of thiol groups with

that acrylate length attached. The number fraction of thiol monomers that

are unreacted and hence attached to zero acrylate units is represented byC.
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material properties. While homopolymerization leads to an

increase in chain length, the chain transfer step effectively

terminates the growing kinetic chain. Fig. 1 plots the

predicted double bond conversion as a function of thiol

conversion for various initial stoichiometric ratios of thiol

and acrylate functional groups. It is evident from the plot

that the final thiol conversion is highly dependent on the

initial stoichiometric ratio, and it decreases with increasing

fraction of thiol monomer in the initial mixture. Further, the

average number of acrylic monomers attached per thiol

functional group, given by the slope of the curve, changes

both with the initial stoichiometric ratio and with the extent

of conversion, thereby giving rise to a distribution of kinetic

chain lengths and a highly complex network structure.

In the polymerization of a monothiol–acrylate system,

where the thiol moiety has only one reacting functional

group per monomer, the average kinetic chain length is

simply given by the average number of acrylate units that a

radical consumes prior to chain transfer to thiol monomer.

Therefore, the average kinetic chain length in the mono-

thiol–acrylate system is given by the ratio of consumption of

acrylate monomers to thiol monomer consumption. As Eq.

(1) gives the consumption of acrylate monomers per thiol

monomer consumption (d[CaC]/d[SH]), the expression 1C
kpc-c[CaC]/kCT[SH] equals the kinetic chain length in

this system. While at any given conversion, the average

kinetic chain length (KCL) is given by Eq. (1), it is also

possible and important to determine their distribution.

The acrylic radical homopolymerizes with a probability

(ph) of kpcKc½CZC�=½kCT½SH�CkpcKc½CZC��, while

chain transferring with a probability (1Kph) of

kCT½SH�=½kCT½SH�CkpcKc½CZC��. The probability that a

thiol functional group is attached to n acrylic units is given

by the probability that the first acrylic radical, which is

formed from the propagation of a thiyl radical through the

double bond, is attached to nK1 acrylic units. The

probability that the acrylic radical propagates along nK1

acrylic monomers before chain transferring is given by Eq.

(2). This equation also gives the number fraction KCL

distribution at a given extent of conversion.
pðnÞZ pðnK1Þ
h ð1KphÞ (2)

Further, as the relative ratio of functional groups varies

with conversion (Fig. 1) and as the KCL distribution is a

function of both the thiol and acrylic functional group

concentrations, the overall distribution of kinetic chains is

given by a summation of KCL distributions at each

conversion. Fig. 2(a) plots the number fraction distribution

of KCLs for a 10:90 stoichiometric ratio of monothiol/

acrylate. As expected from Eq. (2), there is a monotonic

decrease in the number fraction of chains as the KCL

increases. Interestingly, as shown later, the weight fraction

molecular weight distribution has a more profound impact

on the degradation kinetics, and Fig. 2(b) presents the

weight fraction KCL distribution of in the 10:90 monothiol/

acrylate system.

In a copolymerization of multifunctional thiol monomers

(f1O1) with acrylate monomers, each thiol functional group

on a monomer may be initiated at a different point in the

polymerization. Hence, the distribution of the kinetic chains

per backbone for this case would be given by statistical

averaging of the length of polyacrylate chains on each

arm of the thiol monomer. Here, the distribution of the
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number of acrylate monomers attached per thiol functional

group is represented by the multinomial expression:

YZa0xn0Ca1xn1C/CaNMAXK1xnCaNMAX
xn , wherein ai

represent the fraction of thiol groups attached to ni acrylate

units (Fig. 2). Then, the weight fraction of multifunctional

thiol units that have a total of m acrylates attached to it is

known to be the coefficient of xm in the above expression

raised to the power of the thiol functionality. This fraction

accounts for all possible combinations of ni acrylates on

each arm of the thiol monomer. For example, we utilize the

KCL distribution of a 10:90 monothiol/acrylate system (Fig.

2), and thereby determine using the multinomial theorem

the resulting weight fraction KCL distribution for a 10:90

dithiol/acrylate system (Fig. 3).
2.1.2. Influence of stoichiometry and thiol functionality on

the chain length distribution

The stoichiometry and thiol functionality have a

significant impact on the network properties of thiol–

acrylate systems. The impact of thiol concentration and

functionality on the network properties is addressed here

both schematically and through model predictions.
Scheme 2. Impact of thiol concentrations on number of acrylate groups

attached per thiol group. Lower thiol concentrations lead to chains having

longer chain lengths (a) while higher thiol concentrations leads to higher

chain transfer rates and thus form chains having a higher number of

acrylates attached per thiol group. Non-degradable backbones are

represented by and the degradable crosslinks by .
2.1.3. Impact of stoichiometry

It is evident from Fig. 1 that the initial stoichiometric

ratio of thiol/acrylate functional groups impacts the relative

consumption of the functional groups and may be utilized to

change the average number of acrylates added per thiol.

This aspect of control is shown in Scheme 2. It can be

observed from the scheme that the relative homopolymer-

ization rate is easily controlled by changing the stoichi-

ometry of the mixture, thereby presenting an extremely

simple method for tuning the KCLs and the number of

crosslinks per kinetic chain in the resulting network. If

the crosslinks are degradable, then changing the number of

crosslinks per backbone dictates the degradation profile of

the resulting networks.
Fig. 3. Theoretical distribution of weight fraction of kinetic chain lengths

for a difunctional thiol and acrylate system, with a 10:90 stoichiometric

ratio. The x-axis of the plot represents the kinetic chain lengths of the

backbones. The kinetic chain length of the backbone is given by statistical

averaging of the length of polyacrylate chains on each of the arms of the

thiol monomer. The y-axis represents the corresponding weight fraction of

thiol groups with that acrylate length attached.
The impact of the initial stoichiometric ratio on the

weight fraction KCL distribution is shown in Fig. 4. The

plot shows the predicted distribution of KCLs for two

different thiol–acrylate mixtures, 30:70 and 10:90 stoichio-

metric ratios of dithiol/acrylate. As expected from Scheme

2, the plot portrays a decrease in KCLs with an increase in

the thiol concentrations.
2.1.4. Impact of thiol functionality

In a thiol–acrylate system the network evolution is not
Fig. 4. Plot displaying the theoretical distributions of kinetic chain lengths

for 30:70 (—) and 10:90 (– –) stoichiometric ratio of difunctional thiol:

acrylate mixtures.



Scheme 3. Influence of thiol functionality on number of crosslinks attached

per non-degradable backbone. Copolymerizing a diacrylate monomer

having a degradable spacer with monothiols (a) leads to chains having

fewer number of degradable units while compared to networks formed upon

curing multifunctional (here tetrafunctional) thiol monomers (b). Non-

degradable backbones are represented by and the degradable

crosslinks by .
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solely a function of functional group stoichiometry, but it is

also impacted by the thiol functionality. This aspect of

network control is shown in Scheme 3. This scheme

demonstrates that the KCL of the backbone is controlled

by changing the thiol monomer functionality, even while

maintaining the relative functional group stoichiometry.

Increasing the thiol functionality increases the number of

polyacrylate chains that are attached to the thiol monomer

and hence the KCL of the network backbone.

Fig. 5 compares the predicted chain length distribution

for networks formed from the copolymerization of an

acrylate monomer with a difunctional thiol and a tetrafunc-

tional thiol. The relative stoichiometry of thiol to acrylate

functional groups in both these systems is kept at 10:90. As
Fig. 5. Plot comparing the theoretical distributions of kinetic chain lengths

of a 30:70 thiol/acrylate system, formed from copolymerization of the

acrylate monomer with a difunctonal thiol monomer (—) and a

tetrafunctional thiol monomer (– –).
indicated by Scheme 3, the KCL increases with increasing

thiol functionality.
2.2. Development of bulk-degradation model

The bulk degradation modeling approach used here is

based on a statistical mean-field approach and elementary

probability theories. This work utilizes principles similar to

those that were developed previously to predict the bulk-

degradation of crosslinked hydrogels formed from pure

chain growth polymerizations [16,18]. However, this model

improves upon the estimation of the reverse gelation point

by utilizing the recursive nature of polymer networks.

Further, knowledge of the KCL distributions is used to

enhance the model predictions.

In this model the lactic acid oligomers within each

copolymer segment are considered as a single degradable

PLA unit. Hence, the PEG unit in the PLA-b-PEG-b-PLA

copolymer is flanked on either side by one degradable site.

Because of the high degree of swelling exhibited by the

PLA-b-PEG-b-PLA gels when placed in an aqueous

environment, the hydrolytical cleavage of each PLA unit

is assumed to occur homogenously throughout the network,

independent of position and time. Further, due to the high

water content of the hydrogels, the hydrolytic cleavage of

the PLA units was assumed to occur through a pseudo first

order reaction. Here, the concentration of the degradable

polylactide unit is represented by P and its first order

degradation constant is indicated by k 0. [PLA]0 denotes the

initial concentration of poly lactide units. In probability

terms the probability (P) of a random PLA unit being

hydrolyzed is given by the fraction of all PLA units that

have been hydrolyzed.

d½PLA�

dt
ZKk 0½PLA� 0 ½PLA�Z ½PLA�oe

Kk 0t

PZ 1K
½PLA�

½PLA�o
Z 1KeKk 0t

(3)

Mass loss in the model is estimated by calculating the

probability that a certain species is released from the

network, and this mass loss is ultimately described as a

function of the extent of PLA degradation. Combining Eq.

(3) with the knowledge of the network architecture relates

the PLA unit degradation to the network erosion profile.

Neglecting the individual lactic acid units, the three primary

soluble degradation products are (i) PEG chains, (ii) thiol–

acrylate backbones, and (iii) the thiol–acrylate backbones

attached to the uncleaved PLA-b-PEG-b-PLA segments.

These species are considered eroded or released when all the

bonds connecting them to the network are broken. As can be

seen in Scheme 1, erosion and subsequent release of these

species occurs due to hydrolytical cleavage of the PLA units

and release depends on the connectivity of each of these

species to the network. As shown from previous modeling

work on similar systems, it can be assumed that the diffusion
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of degradable species out of the swollen network occurs

much more rapidly than the degradation [17]. Hence, it can

be safely assumed that once a specie is completely cleaved

from the network backbone, the product appears as mass

loss.

As the mass loss in PLA-b-PEG-b-PLA based hydrogels

is associated with the cleavage of PLA units, it is very

important to incorporate structural aspects of the hydrogel

network into the degradation model. As outlined by Metters

et al. [16,17], in a degrading hydrogel the PLA-b-PEG-b-

PLA segment, which serves as a crosslinker, exists in one of

three states: (i) an intact segment, in which neither of the

PLA units are cleaved; (ii) only one of the PLA units is

cleaved, in which case the segment exists as a pendant

chain; and (iii) both the PLA units cleaved, thereby

releasing the segment from the network. The fraction of

PLA-b-PEG-b-PLA segments in any of these three states is

calculated through elementary probabilities and expressed

as a function of the extent of degradation of PLA units (P).

(i) Fraction of PLA-b-PEG-b-PLA segments which are

intact, i.e. neither of the PLA units are degraded.

y1 Z ð1KPÞ2 (4)

(ii) Fraction of PLA-b-PEG-b-PLA segments that are

dangling from the network backbone, i.e. only one of the

PLA units is degraded.

y2 Z 2Pð1KPÞ (5)

(iii) Fraction of PLA-b-PEG-b-PLA segments that are

released, i.e. both the PLA units are cleaved.

y3 ZP2 (6)

As stated earlier, any specie in the network is released

only after all bonds attaching it to the network are cleaved.

Hence, for the release of a portion of the thiol–acrylate

network backbone, all the crosslinking units connecting it to

the network must be degraded. Mathematically speaking,

the fraction of the backbone units (FBB) released from the

network is given by the probability that all the crosslinks

attached to backbone exist in either state (ii) or state (iii), i.e.

none of the crosslinks is completely intact. For example, a

chain with N crosslinks has a fractional probability of being

released, FBB (N):

FBBðNÞZ ðy2 Cy3Þ
N Z ð2Pð1KPÞCP2ÞN (7)

Hence, to calculate the overall backbone fraction

released, we must account for chains of all lengths:

FBB Z
X

WBB;iFBBðNiÞZ
X

WBB;iðy2 Cy3Þ
Ni

Z
X

WBB;ið2Pð1KPÞCP2ÞNi (8)

where Ni indicates the KCL of the backbone. WBB,i

represents the weight fraction of backbones that have Ni

crosslinks and is given by
WBB;i Z
AiNiP

AiNi

(9)

Here, Ai gives the fraction of backbone units that have Ni

crosslinks attached to them. The overall expression for FBB

is given by

FBB Z
X AiNiP

AiNi

ðy2 Cy3Þ
Ni

Z
X AiNiP

AiNi

ð2Pð1KPÞCP2ÞNi (10)

As the distribution of Ni versus Ai is known (Fig. 2), Eq.

(10) is easily solved to determine the fraction of eroded

backbone units (FBB) as a function of time or PLA

degradation extent.

Once FBB is known, the fraction of PLA-b-PEG-b-PLA

units released (FPEG) from the network is calculated using

the same approach as Metters et al. [16] As stated earlier,

PLA-b-PEG-b-PLA units exist in three states. Individual

PEG chains are released when the PLA-b-PEG-b-PLA

segments exist in state three with both PLA units

hydrolytically cleaved. PLA-b-PEG-b-PLA segments that

exist in state two are released only when the backbone units

from which the segments are dangling are released. FPEG is

hence composed of two terms: (a) the fraction of PLA-b-

PEG-b-PLA segments for which both PLA units are cleaved

and (b) the fraction of PEG segments that are dangling from

an eroded backbone segment.

FPEG Z y3 CFBB

y2
2
ZP2 CFBBPð1KPÞ (11)

Knowing the fraction of building blocks of the hydrogel

that have been released, the overall mass loss calculation is

relatively simple:

% Mass LossZ ðWBBFBB CWPEGFPEGÞ (12)

Here, FBB represents the fraction of backbone units

released from the network, while FPEG represents the

fraction of PEG units released. Similarly, the mass percents

of the backbone and PEG units are represented by WBB and

WPEG, respectively.

As the building blocks of the hydrogel degrade, a limit is

achieved where the chains in the bulk degrading system no

longer form an infinite molecular weight gel. At this

‘reverse gelation’ point, the network becomes a collection

of highly branched, soluble uncrosslinked polymer chains.

This feature is essentially the inverse process of gelation as

observed during the formation of polymer networks. At the

reverse gelation point the entire network is water soluble.

A recursive approach, similar to the method utilized by

Miller and Macosko [35,36], is employed here for

determining the reverse gelation point. This approach uses

the recursive nature of branching processes and the

elementary law of conditional probability.

Law of conditional probability: If A is an event and A 0 is

the complementary event. Let us represent a random
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variable by W, its expected value, E(W) and the conditional

probability of W given the event A by E(WjA). Then the law

of conditional probability states:

EðWÞZEðWjAÞPðAÞCEðWjA0ÞPðA0Þ (13)

First, we examine a simple case, where there is no

crosslink distribution and every backbone unit is attached to

N crosslinks. In the case of degrading hydrogels the reverse

gelation point is associated with the formation of an

uncrosslinked gel, due to the degradation of PLA units.

Hence, we first look at the possible states of the degradable

segments: (i) PLA-b-PEG-b-PLA segment cleaved on both

sides, (ii) PLA-b-PEG-b-PLA cleaved on only side and

hence the chain acting as a dangling unit, and (iii) PLA-b-

PEG-b-PLA segment intact. The probabilities of these

events are related to the extent of PLA degradation by Eqs.

(4)–(6).

As we are interested in knowing the reverse gelation

point, the variable of interest is the weight attached to a

crosslink. So, we pick up a PLA-b-PEG-b-PLA segment at

random and examine the weight attached to it, looking out

from its parent molecule.

EðWoutÞZEðWoutjDegradable segment intactÞ

!PðDegradable segment intactÞ

CEðWoutjDegradable segment cleaved on one sideÞ

!PðDegradable segment cleaved on one sideÞ

CEðWoutjDegradable segment cleaved on both sidesÞ

!PðDegradable segment cleaved on both sidesÞ

(14)

In the event that the segment is intact, the weight looking

out from the PLA-b-PEG-b-PLA segment would equal the

weight looking into another backbone chain. However, in

the other two cases where the segment is cleaved on either

side, the weight looking out from the segment would not

equal the weight looking into another backbone. Specifi-

cally, in the case of a segment cleaved on only one side, the

weight looking out from the segment is zero, while the

weight looking from a segment which is dangling from

the parent molecule equals the weight of a PEG unit.

EðWoutÞZEðWinÞð1KPÞ2 CWPEG

2Pð1KPÞ

2
C0ðP2Þ

(15)

E(Win), the expected weight of a segment looking into

another backbone, will be the molecular weight of the

nondegradable backbone unit, MBB, plus the sum of the

expected weights on each of the remaining NK1 arms with

E(Wout) for each arm.

EðWinÞZMBB C ðN K1ÞEðWoutÞ (16)
The recursive nature of this equation leads us back to the

starting situation.

Solving Eqs. (15) and (16) yields

EðWoutÞZ
MBBð1KPÞ2 CWPEGPð1KPÞ

1K ð1KPÞ2ðN K1Þ
(17)

It is observed from the above equation that when (1K
P)2(NK1)O1, the solution to Eq. (17) does not exist and the

system remains gelled. However, as the degradation of PLA

units (P) increases, (1KP)2(NK1)!1 and the network

ceases to exist as a crosslinked gel. This extent of

degradation (Prg) at which this transition occurs is given by:

Prg Z 1K
1ffiffiffiffiffiffiffiffiffiffiffiffiffi

N K1
p (18)

So, the reverse gelation point, or the extent of

degradation at which the network becomes completely

soluble, is given by Eq. (18) for a hydrogel which has N

crosslinks. Now we will examine our case, wherein we have

a distribution of crosslinks. Eq. (15), which describes the

relationship between the weight looking out from one

backbone to another backbone unit does not change;

however, Eq. (16) must be modified to account for the

distribution of the number crosslinks.

EðWinÞZ
P

WBB;ifMBB C ðNi K1ÞEðWoutÞg�

Z
P

WBB;iMBB C
P AiNiðNi K1ÞP

AiNi

EðWoutÞ

ZMBB

P
WBB;i C

P
AiNiP
AiNi

K1

� �
EðWoutÞ

ZMBB C ðNWt;Avg K1ÞEðWoutÞ

(19)

where

NWt;Avg Z

P
AiNiP
AiNi

Eq. (19), which takes into account the distribution of

crosslinks, is similar to Eq. (16), except that the number of

crosslinks for a system having a distribution of crosslinks is

replaced by the weight average number of crosslinks. Using

Eqs. (19) and (15), we obtain

EðWoutÞZ
MBBð1KPÞ2 CWPEGPð1KPÞ

1K ð1KPÞ2ðNWt;Avg K1Þ
(20)

and using the arguments used previously, the reverse

gelation point is given by

Prg Z 1K
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

NWt;Avg K1
p (21)

Clearly, the reverse gelation point is very sensitive to the

weight average number of crosslinks per kinetic chain and

hence provides an easy route to control the amount of

degradation at which the network becomes completely

soluble.



Fig. 6. Predicted percentage mass loss versus time for difunctional thiol–

acrylate mixtures with 50:50 (†† †), 30:70 (– –), and 10:90 (—)

stoichiometric ratios of dithiol/acrylate mixtures. Model parameters:

WBBZWPEGZ50 wt% and k 0Z0.0003 minK1.

Fig. 8. Plot contrasting the degradation profiles of a thiol–acrylate system, a

30:70 dithiol/acrylate (– –) network, with a network formed from pure

acrylate monomers (—).

Fig. 7. Predicted percentage mass loss versus time for 30:70 thiol–acrylate

mixtures using thiol monomers with functionalities of 1 (†††), 2 (– –), and

4 (—). Model parameters: WBBZWPEGZ50 wt% and k 0Z0.0003 minK1.
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2.2.1. Evaluation of the model

The number of crosslinks in the network backbone is

readily changed by manipulating either the thiol concen-

tration or functionality. Model predictions indicate that both

the crosslinking density and the reverse gelation point in

these networks are controlled by the thiol functionality and

concentration. Fig. 6 shows the effect of thiol concentration

on the mass loss predictions and compares the degradation

profiles of thiol–acrylate systems prepared from 50:50 thiol/

acrylate, 30:70 thiol/acrylate, and 10:90 thiol/acrylate

mixtures. Three degradation regions and behaviors are

readily observed from the figure. The PEG units, which are

attached to the network by only two PLA units are the first

chains to be released from the network. As the release of

backbone chains requires the cleavage of at least one PLA

unit in each of the crosslinks, the network mass loss in the

initial stages is primarily PEG units. Hence, the initial mass

loss profiles are nearly identical for all the systems as are the

initial mechanics and swelling. As more crosslinks continue

to degrade, a greater fraction of the backbone chains, along

with their dangling PLA-b-PEG-b-PLA segments are

released from the network. This result, however, is a strong

function of the number of crosslinks per kinetic chain. As

the number of crosslinks per kinetic chain decreases with

increasing thiol concentration (Fig. 4), the mass loss in the

second stage is accelerated for the systems formed with

higher concentrations of thiol. In the final stage the

degradation is characterized by reverse gelation. As the

reverse gelation point depends on the number of crosslinks

per backbone (Eq. (21)), the onset of this stage is dictated by

the KCL of the system and hence occurs early for the system

having the highest thiol concentration.

A similar effect of thiol functionality on the degradation

profiles is evident from Fig. 7. This plot compares the

degradation profiles of networks formed from a 30:70 thiol/

acrylate system with thiol monomer functionalities (f1)

equal to 1, 2, and 4. As the KCL and the number of

crosslinks per kinetic chain decrease with decreasing thiol

functionality, the mass loss is rapid and the reverse gelation

point occurs earlier.
To demonstrate the impact of KCLs on the network

degradation behavior of the crosslinked hydrogels, we

compared the degradation profiles of a model thiol–acrylate

system, 30:70 dithiol/acrylate system, with that of a pure

acrylate system (Fig. 8). For predicting the degradation

profiles of these systems, the KCL distribution and weight

average KCL (NWt, AvgZ7.94) was calculated for the thiol–

acrylate system, and a chain length of 1000 was assumed for

the acrylate system. The early occurrence of reverse

gelation in the thiol–acrylate systems as compared with

the pure acrylate systems is expected due to the decreased

KCLs in these novel systems (Eq. (21)). The rapid mass loss

in these systems is also anticipated due to the lower number

of crosslinks per kinetic chain in the thiol–acrylate systems.

This aspect of rapid mass loss in thiol–acrylate systems is

examined more closely in Fig. 9, which follows the mass

loss profiles as a function of extent of PLA degradation (P)

for all the primary degradation products of the networks

formed from both the thiol–acrylate system and the pure

acrylate system: (a) PEG segments that are cleaved on either

end and hence released as free PEG units, (b) backbone

units that release upon cleavage of all crosslinks, and (c)

PEG segments that are released dangling to the eroded

backbone units. Further, to delineate the effects of reverse

gelation, this plot gives the mass loss profiles for the case of



Fig. 9. Plot displaying the fraction of primary degradation products released as a function of the extent of degradation for a 30:70 thiol/acrylate system as well

as for the network formed from pure acrylate monomers. The fraction of PEG units released that are cleaved on either side is represented by (C) and this

fraction is the same for both the systems. The fraction of released backbones and the PEG segments that are hanging from the released backbones, in a thiol–

acrylate system, are represented by (– –) and ( ), respectively. The fraction of backbone units released from the pure acrylate system is shown by (—).

The fraction of pendant PEG segments that are released due to the release of backbone chains from network formed with pure acrylate system is very small and

is shown in the inset.
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no reverse gelation. This plot shows two distinct features:

(a) the fraction of free PEG units that are released is the

same in both networks as it is given by P2, and (b) the

fraction of released backbone units and hence associated

dangling PEG units is significantly higher for the thiol–

acrylate system due to its reduced KCLs. This figure clearly

illustrates that the KCLs of the network not only impact the

reverse gelation point but also have a significant effect on

the degradation kinetics of the crosslinked hydrogels.
3. Conclusions

A bulk degradation model based on elementary prob-

ability and the mean field approach has been developed to

predict the bulk degradation phenomena for model degrad-

able hydrogel systems formed from photocuring a thiol

monomer with degradable PLA-b-PEG-b-PLA based dia-

crylate monomers. As the degradation kinetics of hydrogels

are known to be strongly dependent on the KCLs and their

distribution, we have developed a framework for predicting

the distribution of KCLs in these unique systems. The KCL,

and hence the number of crosslinks per kinetic chain, was

shown to decrease with increasing thiol concentration or

decreasing thiol functionality, thus providing a facile means

to control the network evolution and hence the degradation

behavior. The model predictions indicate that these degrad-

able networks, due to the changes in their KCL distri-

butions, exhibit varied degradation kinetics with changes in

the relative concentrations of thiol and acrylate monomers

or by changing the thiol monomer functionality. Also, the

reverse gelation point, which exhibits the strongest

dependence on the number of crosslinks per kinetic chain,

is well controlled through these unique step-chain growth

systems.

Further, these systems, contrary to other crosslinked
hydrogel networks formed from chain growth polymerization,

provide unique opportunities to estimate the number of cross-

links per kinetic chain and hence become an accurate model

through which we can predict the degradation behavior of

other real systems, without the need for any model fitting.

The theoretical framework developed here is readily

extended for predicting the degradation behavior of other

crosslinked hydrogels formed from mixed step-chain

growth polymerizations.
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