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A theoretical model has been developed to describe the degradation behavior of hydrogels formed from
multivinyl cross-linking molecules. Kinetic information was incorporated into the model to predict the cleavage
of the cross-links and structural information was included to describe the mass loss from the network. Mass
loss from the networks was shown to depend on many parameters, such as the number of vinyl groups on the
cross-linking molecule and the average number of cross-linking molecules reacted into each kinetic chain.
Other parameters that influenced the mass loss profile are the weight fraction of the network that is contained
in the cross-linking molecule, the propensity to form primary cycles, and the hydrolysis kinetic constant.
Two other macroscopic properties, volumetric swelling ratio and compressive modulus, were examined as a
function of the average number of cross-links per kinetic chain. Through this modeling approach, the
degradation of many realistic systems can be understood and predicted, providing insight into the design of
degradable hydrogel networks with the desired properties.

Introduction molecule. A more general model capable of predicting the
degradation behavior of hydrogels formed from a multivinyl
cross-linking molecule would be extremely advantageous.
Although the structure and degradation behavior of such
hydrogels could be very different from that seen for the PLA-
b-PEG-b-PLA gels, the same statistical-kinetic approach to
predicting their behavior is applicable.

Thus, a more generalized bulk-degradation model was
developed for multivinyl hydrogels containing degradable cross-
links. This model is capable of accounting for variations in many

Hydrogels are water swellable, cross-linked polymer networks
synthesized from a large variety of hydrophilic monomers; these
characteristics give hydrogels many unique properties that are
useful for numerous applications. For example, the ability to
imbibe large quantities of water makes hydrogels useful as
superabsorbent materidisyhereas the high water content and
elastic nature allows for their use in biomedical applications,
such as contact lenses, controlled release matrices, and bioad

heswesz._ F_or many oth_er b|om(_ad|cal appllc_:atlon_s,_ such as parameters including the number of vinyl groups on the cross-
orthopedic implants and internal tissue adhesives, it is deswableIinking molecule and the weight fraction of the system that is
LO USS glydr:)gels thatl.are; hydrr?lytlcall()j/ or gzn;lymatl(;ally. contained in the cross-linking molecules. In addition, network
deg_ra da ﬂ?' S anydai)_p 'Cﬁ '?]n where da egT? apie system .'Sparameters such as information about the kinetic chain length
esired, the degradation behavior and resuiting macroscopiCy,y e jikelihood of cyclization are included. Mass loss profiles
properties must be predictable and well understpod for avarety ¢, the entire network, as well as the kinetic chains and the
of conditions. A more complete understandmg of all the cross-linking molecules, were predicted as a function of these
parameters that influence the degradation behavior ofahydrogelmany parameters. In addition, the average number of cross-
facilitates a better understanding of how to design the initial links per kinetic chain was calculated throughout the degradation

polymer sy§tem. ) . . and related to volumetric swelling and compressive modulus
A theoretical model to describe the bulk-degradation behavior . provide insight into other macroscopic properties.

of hydrogels formed from PLA-b-PEG-b-PLA diacrylate mac-
romers was previously develogedhat accounts for both  Generalized Cross-linked Network
structural and kinetic parameters of the degrading copolymer
networks. For example, the mass loss of the systems was
predicted as a function of degradation time for many different

parameters, including the number of cross-links in the kinetic

chain and the hydrolysis rate constant. Incorporation of numer-
ous nonidealities associated with the network structure and the
degradation allowed the model to predict swelling, compressive
modulus, mass loss, and drug release succesdftibywever,

the application of this model has been limited to hydrogels with

degradable cross-links where the cross-linker was a divinyl

The cross-linked networks to which the generalized bulk-
degradation model applies are formed by the polymerization
of multivinyl cross-linking molecules. The cross-linking mol-
ecules that form the foundation of the gels consist of three
units: (1) a core structure with multiple terminal functional
groups to which the degradable units can be grafted, (2)
oligomeric degradable units of materials such as poly(lactic acid)
(PLA) or poly(glycolic acid) (PGA) attached to the core
functional groups, and (3) radically polymerizable vinyl func-
tionalities such as acrylates or methacrylates attached to each
t Universi of the degradable segments. Examples of core cross-linking

niversity of Colorado. . .

* Howard Hughes Medical Institute. molecules include poly(ethylene glycol) (PEG), which has one
8 University of Colorado Health Sciences Center. reactive hydroxyl group on each chain-end, and poly(vinyl
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= F §F F F chains and cross-linking molecules that are released. All of the
cross-linking molecules are assumed fully reacted during
network formation, implying that all degradable segments exist
2 =2 2 2 2 chain lengths within the gels are assumed to be monodisperse,
m=8 and chain transfer reactions are neglected. Each degradable
AN Core molecule as a single, degradable block, which is necessary to capture the
true degradation behavior of these systems. All of the modeled
§ Degradable unit the degradable units is assumed to occur homogeneously. Pseudo
- first-order hydrolysis kinetics are assumed because of the high
Figure 1. Generalized structure of multivinyl cross-linking molecules be incorporated into the model. The diffusion of degradation
that are polymerized to form degradable hydrogels. The degradation products out of the cross-linked systems is assumed to occur
described by the model developed here. linkages connecting a certain chain to the network are broken,
the chain is considered to be released and no longer contributes
each repeat unit of the c.haln. Eolysaccharldes, such as deXtrar(‘JIegradabIe cross-linking molecules are discussed here, although
or amylose, which contain multiple hydroxy! groups per repeat
. . i ) . addition, it is always assumed that there are more cross-linking
functional groups at each repeat unit, the final functionality of A ) .
. . molecules per kinetic chaim, than there are vinyl groups on
the molecule can be controlled either by varying the molecular
I Two other elements of the network formation and degradation
substitution. were also considered, cyclization and reverse gelation. Primar
The general structures of the multivinyl, degradable cross-  ©Y 9 ) y
groups on the core structure are systematically derivitized with when two V|r_1yl groups_from a cross-llnl_<|ng_ molecule react into
; S .. the same kinetic chain. Primary cyclization results in many
degradable units followed by subsequent derivitization with
bonds on the cross-linking moleculeris Examoles of cross- &5 well as many other network properties. Reverse gelation is
o . gn . amp also incorporated into the model and occurs when there are, on
linking molecules of increasing vinyl functionality are shown
. ._results in the final, complete degradation of the hydrogel.
Cross. Imlged, degradaplg gels are formed by the pham Degradable blocks within the network are assumed to
polymerization of the multivinyl molecules through their vinyl
such a polymerization is a degradable hydrogel consisting of the probability that any ranglom degrada}ble unit has been
. ) hydrolyzed,P, equals the fraction of total units hydrolyzed and
two distinct structures: (1) polyacrylate or polymethacrylate
(2) the cross-linking molecule, which includes the core structure [DU]
and the degradable segments. The mass fraction of the network P=1- W =
[0}

as either cross-links or cycles between the kinetic chains. All
m=2 m=4 = “arm” from the multivinyl cross-linking molecule is considered
networks are highly swollen, and therefore, the hydrolysis of
= Polymerizable vinyl group water content, although more complex kinetic mechanisms could
of the resulting hydrogel networks formed from these molecules is mych more rapidly than the degradation. Thus, once all of the
alcohol) (PVA), which contains a reactive hydroxyl group along to the network mass. Only homopolymerizations of these
unit, can also be usedFor cross-inking molecules with the model is equally applicable for copolymer networks. In
weight of the core structure or by limiting the degree of the cross-linking moleculan.
linking molecules are shown in Figure 1. In all cases, functional cyclization within the network can be quite extensive and occurs
radically polymerizable groups. The final number of double nonidealities in the network that affect the mass loss profiles,
in Figure 1. average, two cross-links per kinetic chain. Reverse gelation
groups, typically acrylates or methacrylates. The ideal result of hydrolyze according to pseudo first-order kinetics. Therefore,
kinetic chains formed through the polymerization reaction and is written in terms of the overall degradation tinte,
residing in each block is determined by the molecular weight

1-e™ 1)

of the original cross-linking molecule relative to the type and
number of polymerizable groups.

Cleavage of cross-links in these networks leads to changes
in the physical and mechanical properties of the gels. As
degradation occurs, degradable linkages in each “arm” of the
multivinyl cross-linking molecules are cleaved systematically,
lowering the average number of cross-links per kinetic chain
with time and causing eventual mass loss. Upon complete
hydrolysis and erosion, only three species remain from the
originally cross-linked gel: (1) the core structure, (2) monomeric
or oligomeric degradable units, and (3) the kinetic chains formed
from the radically polymerized groups of the cross-linking % mass loss= (W, F,, + W, F,.) )
molecules. The rate of mass loss from these systems, as well Xt ket k
as the overall mass loss behavior, is governed by the degradatiorHere, F. is the fraction of cross-linking molecules that are

kinetics and by the network structure of these multivinyl extractable from the gel, whilé is the corresponding fraction
hydrogels. of kinetic chains that are extractable. Similal is the mass
percent of the original cross-linked network contained in the
cross-linking molecules, where®é. is the mass percent in the
The chosen modeling scheme is a generalized form of a kinetic chainsW, andW are ascertained based on the chemical
statistical, mean-field approach developed edrkeid predicts structure of the starting macromers. Determining the time-
the total mass loss of the system and the average number ofdependent erosion profiles of these cross-linked gels, therefore,
cross-links per kinetic chain, as well as the fraction of kinetic depends on calculatingy andFy. as functions of degradation

Here, K is the pseudo first-order kinetic rate constant for the
hydrolysis reaction of the degradable blocks; [DU] is the number
of degradable blocks at timteand [DU}, is the original number

of degradable blocks within the undegraded hydrogel.

In combination with eq 1, structural information about the
hydrogel must be incorporated into the model to relate bond
degradation to hydrogel erosion. Neglecting any mass loss due
to the degradable units themselves, the generalized mass loss
equation from these gels is written as a function of the two
types of molecules that are released:

Development of Generalized Bulk-Degradation Model
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Figure 2. Schematic showing the three possible paths to releasing a r
kinetic chain from the rest of the network through a tetravinyl cross- o o8l
linking molecule. a = r ]
S C
time. Relationships describing each of these parameters will first e 06 [ .
be described for the degradation of hydrogels with no cycles S L
present within their cross-linked structures and subsequently for S 04 R
the significantly more complicated, but also more realistic, case Z [
of hydrogels with cycles. Reverse gelation is incorporated into E 02 L
both analyses. r
Erosion Without Cyclization. Without cyclization, each oL

m-vinyl cross-linking molecule within the network is attached 0 02 04 0.6 08 1

to mkinetic chains. This structure implies that each degradable ’ e 7 '

arm of the multivinyl cross-linking molecule is attached to & figyre 3. Mass loss predictions for a tetravinyl cross-linking molecule
different kinetic chain. The fraction of releasable kinetic chains as a function of (a) degradation time and (b) the fraction of total linkages
(Fke) is related toP, the fraction of degradable linkages degraded: ) kinetic chains, M) cross-linking molecules &) total
degraded, using an understanding of the structure. Examiningmass loss. Other model parametems:= 4, n = 10 000,Wq = 0.5,k

a particular kinetic chain, each repeat unit of the kinetic chain = 0-003 mim™. No cyclization is present.

will be attached to a cross-linking molecule through one of the ] )
degradable arms of the cross-linking molecule. The other of all degradable linkagedP{") or through degradation of all

1 arms will each be connected to other kinetic chains. Prior to Put one degradable arm on the cross-linking molecule when
reverse gelation, a particular kinetic chain is only releasable the one remaining arm is attached to a releasable kinetic chain

when it is connected to no other kinetic chains in the network. [Fke(1 - P)P™ . ]
As shown in Figure 2, this happens in one of three different 1 ne final element of the mass loss that must be incorporated
ways: (1) degradation of the arm attached to that kinetic chain, IS the reverse gelation effect. Gelation of a polymer network
(2) degradation of the arms connected to all of the other kinetic °ccurs when an infinite network is formed by the cross-linking
chains, and (3) complete degradation of the cross-linking Of the polymer moleculeSReverse gelation occurs when the
molecule. infinite network no longer exists, which happens when there

Summing the probabilities of all three degradation pathways &ré two cross-links per kinetic chain. To understand when
yields the probability that a particular repeat unit of a kinetic "@verse gelation will occur, the average number of cross-links
chain is releasable. The fraction of releasable kinetic chiig ( Per kinetic chain must be known. When there are, on average,
is then given by this probability raised to théh power: exactly two cross-links per kinetic chain, reverse gelation occurs

and the entire network becomes soluble.
Fie=[P+ (1= PP " 3) :
xl=n1—-P)(1—-P™Y (5)

Here, n represents the average number of cross-linking mol-
ecules originally attached to each kinetic chain and also equalsHere, xl is the average number of cross-links per kinetic chain
the number of repeat units in each kinetic chain when there is at any point throughout degradation. If x| 2, then there are

no cyclization. no more than two cross-links per kinetic chain, on average, and
Once the fraction of releasable kinetic chaiRg) is known, reverse gelation occurs. When reverse gelation occurs, there is
the fraction of releasable cross-linking moleculdsg)( is complete mass loss, as the remainder of the polymer network

calculated. The fraction of releasable cross-linking molecules becomes soluble.
is the sum of the two pathways in which these chains may be Equations 3 and 4 are combined in eq 2 to predict the mass

released and is given by eq 4. loss profile in the absence of cyclization for hydrogels formed
from any functionality cross-linking molecule. The mass loss
Fy=[P"+ F(1—P)P™ (4) of the kinetic chains and the cross-linking molecules, as well

as the resulting total mass loss profile for a network of 50 wt
The terms on the right-hand side of eq 4 represent the probability % cross-linking molecules and 50 wt % kinetic chains, is shown
that a cross-linking molecule is released by complete degradationin Figure 3. Figure 3a is fractional mass loss as a function of
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Figure 4. Mass loss predictions from networks with an increasing Figure 5. Mass loss predictions for networks with increasing kinetic
number of vinyl groups on the cross-linking molecule: ifai= 2, (b) chain lengths: (ap = 10, (b)n = 100, (c)n = 10 000. Other model
m =4, (c)m = 6, and (d)m = 8. The solid lines are the model  parameters for all curvesn= 4, W, = 0.5,k = 0.003 mir?, and no

predictions with reverse gelation occurring, and the dashed lines arecyclization.

the model predictions without reverse gelation. Other model parameters

for all curves: n = 100, Wy = 0.5,k = 0.003 mirr. No cyclization of reverse gelation. When no cyclization occurgepresents

IS occurring. the initial number of cross-links in the kinetic chains (or number
of repeat units). When cyclization does occarno longer
represents the actual number of cross-links, but rather the
number of cross-linking molecules in the kinetic chain. Figure
5 illustrates the differences between three systems with increas-
ing kinetic chain length and, therefore, increasing number of
cross-links per kinetic chain. As can be seen in Figure 5, all
t three curves collapse into a single curve initially. The curves

until almost all of the degradable linkages are brokee (98%) deviate from each other when the kinetic chains begin to release,

that any significant fractions of kinetic chains are released. This Wich occurs later in networks with an increasing number of
release contributes to the change in the slope of the total mas<T0SS-linking molecules in the kinetic cham,
loss curve only after 1450 min. The sharp increase in all three  Erosion with Cyclization. In networks with cyclization, an
curves at the end is the point at which reverse gelation occurs,M-vinyl cross-linking molecule does not necessarily limk
and the entire network becomes soluble. kinetic chains. Each cross-linking molecule can link anywhere
The predictions described in this section are comparable to from 1 tom kinetic chains, and there will be several possible
those developed previously for divinyl systems when the number configurations. A tetravinyl cross-linking molecule, for example,
of vinyls on the cross-linking molecule, m, is two. These ¢an be attached to one, two,.three, or four different klne'glc
comparisons yield identical predictions for the two models. The chains. The case of the tetravinyl cross-linking molecule will
generalized bulk-degradation model can also be used to predict2€ used for illustrative purposes in all examples and explanations
the mass loss from hydrogels formed from cross-linking in this paper, although the model has been completely developed
molecules with more than two vinyl groups. Figure 4 shows for cross-linking molecules with up to nine vinyl groups. In
the influence of increasing the number of vinyl groups on the addition, there are two different configurations of this cross-
cross-linking molecules. As the number of vinyl groups on the linking molecule when linking two kinetic chains, either both
cross-linking molecule increases, additional degradable unitsKinetic chains have two vinyl groups reacted into them, or one
must be broken to release the cross-linking molecules. This kinetic chain has one vinyl reacted and the other kinetic chain
effect results in longer inhibition times for the mass loss profiles Nas three vinyl groups reacted into it. All of the configurations
of cross-linking molecules with an increasing number of vinyl Possible for trivinyl and tetravinyl cross-linking molecules are
groups. In addition, the fraction of the total mass loss at the Presented in Figure 6.
time of reverse gelation decreases with an increase in the number The basic equations that describe the hydrogel mass loss from
of vinyl groups attached to a cross-linking molecule, i.e., a highly functionalized cross-linking molecules with cyclization
smaller amount of the network is released prior to reverse are very similar to those for networks without cycles. Once the
gelation. This result is expected because an increased numbefractions of releasable kinetic chairfs{) and releasable cross-
of linkages on the cross-linking molecule will need to be linking molecules k) are known, eq 2 is used to determine
degraded before the cross-linking molecule is releasable andthe overall mass loss as a function of the fraction of degradable
results in fewer chains being released before reverse gelationlinkages that are degrade®, or degradation timef. The
In addition, Figure 4 compares the model predictions for systems hydrogel structure, and therefore the degradation behavior of
with reverse gelation (solid lines) and systems without reverse the gel, will vary significantly with the extent of cyclization.
gelation (dashed lines). This comparison illustrates how includ- The number of kinetic chains a cross-linking molecule is
ing reverse gelation influences the mass loss profiles. connected to is designated by the model paranmeted affects
The reverse gelation time is also strongly influenced by the not only the average number of cross-links per kinetic chain
total number of cross-linking molecules in the kinetic chain, ~ within these networks but also the mass loss profile during
Similar to increasing the number of vinyl groups on the cross- degradation.
linking molecule, if the total number of cross-linking molecules In networks with cyclization, the cross-linking molecules are
in the kinetic chains increases, more degradable linkages mustfound in a number of different configurations, and the fraction
be broken to release the kinetic chains, thus delaying the onsetof cross-linking molecules in each structural configuratign.,

degradation time for the specified kinetics, and Figure 3b is
fractional mass loss as a function of the probability of the
degradable linkages being degradedin both cases, the lower

functionality of the cross-linking molecules in comparison to
the number of cross-linking molecules in the kinetic chains (i.e.,
m = 4, n = 10 000) results in the mass loss profile being
dominated by the release of cross-linking molecules. It is no
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Figure 6. Possible configurations for trivinyl and tetravinyl cross-
linking molecules when cyclization is present. There are a total of three
unique configurations for the trivinyl and five unique configurations
for the tetravinyl cross-linking molecules. Each configuration depends
on the number of kinetic chains the cross-linking molecule is attached
to and the number of vinyl groups reacted into each kinetic chain.

must be computed. Each of these configurations is specified
by the number of kinetic chains the cross-linking molecule is
attached toi, and the number of vinyl groups reacted into each
kinetic chain,k. For example)Y,_; 3 is the probability that a
tetravinyl cross-linking molecule connects two kinetic chains,
and one of those kinetic chains has one of the vinyl groups
reacted into it and the other kinetic chain has reacted with the
other three vinyl groups. In Figure 8,_; 3 is represented by
configuration D of the tetravinyl case.

Y.k is determined based on the probability of cyclization,
W,. The subscripi refers to the number afinreactedvinyl
groups on a cross-linking molecule. After the first vinyl group
of a tetravinyl cross-linking molecule is reacted into the network,
the probability that the next vinyl group to react will form a
primary cycle isW3. Hence, the probability that the last
remaining vinyl group forms a primary cycle ¥; and has
been calculated for many cross-linking mononfevalues for
the remaining cyclization probabilities are approximated by
relating them taWW;:

Y,=1-(1-%,) (6)
w,=1-1-9)° @)
Po=1—(1—-W¥) (8)

These results assume that cyclization reactions occur with similar
mechanisms and kinetics, independent of the number of unre-
acted vinyls, and also assumes equal reactivity of all double
bonds during polymerization of the network. Thus, to determine
the fraction of cross-linking molecules in each structural
configuration,Yi_x, when cyclization is present, the cyclization
probability must be considered. For example, in a tetravinyl
cross-linking molecule, the cross-linking molecule can be
attached to one, two, three, or four different kinetic chains due
to cyclization. The fraction of cross-linking molecules in each
of the five different configurations (see Figure 6) is given by:

four kinetic chains (A):Y,_;,11=
(1- W1 -1 - (9)

three kinetic chains (B)Y;_; ; ,= W1 — W,)(1- W) +
(1— W)L — WY, + (1— WYW,(1— W) (10)

J. Phys. Chem. B, Vol. 105, No. 22, 2008135

two kinetic chainsK= 1,3) (C): Y,_; 3= (1-W)W, ¥, +
P.W,(1-Y¥) (11)

two kinetic chainsK= 2,2) (D): Y,_,,= W,(1—- W))W,
(12)
one kinetic chain (E):Y,_, = W,¥,¥, (13)

Equations 10 and 11 contain multiple terms because more than
one way exists to achieve this configuration, and each possible
way of forming this configuration must be accounted for. The
fraction of cross-linking molecules in each structural configu-
ration for cross-linking molecules of other functionalities is
calculated in a similar fashion.

Once the various configurations of the multivinyl cross-
linking molecule are known, the fraction of releasable kinetic
chains Fyc) is calculated using an approach similar to that
developed for eq 3. Each repeat unit of the kinetic chain is
examined for the probability that it is releasable. However, in
the case with cyclization, the cross-linking molecule can have
more than one linkage intact and still allow the release of the
kinetic chain if the links are cycles. Specifically, the probability
of release of the kinetic chain is the probability tladitrepeat
units along a chain are releasable and is written as

Fee = Iy nYi_k/i)

Here,y; is the probability that a cross-linking molecule in the
Y.« configuration is broken in a manner that allows the kinetic
chain to be releasedyY,_x is the fraction of cross-linking
molecules attached to the kinetic chain in a specific structural
configuration (i.e., a multivinyl cross-linking molecule connected
to i different kinetic chains withk vinyl groups reacted into
each kinetic chain); andis the number of vinyl groups reacted
into a specific kinetic chainy; is for a specific cross-linking
molecule in the kinetic chain and it is raised to the quantity
(nYi_/i), which is the average number of cross-links of the
considered configuration in each kinetic chain. A cross-linking
molecule in theYi_x configuration can be broken in two
different manners that allow the kinetic chain to be released.
Therefore,y; is the sum of the probability of separating the
cross-linking molecule from the kinetic chain in question, and
the probability of separating the cross-linking molecule from
all other kinetic chains but remaining attached to the kinetic
chain of interest. The five different structural configurations used
for a tetravinyl cross-linking molecule (see eqs138) cor-
respond to seven different equations fgrin this system:

(14)

Yim1115 Xn =P+ (1 —P) p° (15)
Ya117 2 =P+ (11— PP’ (16a)
%32 = P>+ (1 — P)P? (16b)
Yo13 X2 =P+ (1~- PP? (17a)

=P+ (1- PP (17b)
Yoo X22= P?+ (1 P)P? (18)
Y4 X14= PP+ (1-P)=1 (19)

These seven equations relate to the probability of releasing a
specified kinetic chain, attached to a cross-linking molecule in
a specific configuration, from the rest of the network. If no
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cyclization is present, thedl; equals zero and only one
configuration is possibleYy_11,1,9). Equation 14 simplifies in
this case to eq 3, i.e., the relationship obtained when cyclization
was not considered.

The fraction of releasable cross-linking moleculeg, in a
multivinyl system with cyclization is again calculated by
summing over the cross-linking molecules released by complete
degradation of all attachment®™) and those cross-linking
molecules attached to kinetic chains that are reledsgd(Yi_).

The general equation is written as
Fa=P"+ chZ(q)ini—k) (20)
Here, ®; is the probability that a cross-linking molecule in a
certain structural configuration (similar jg) is attached to a
releasable kinetic chaimb; is multiplied by the probability of
being in a particular configuratior;_y, and the fraction of
kinetic chains that are releasabifge. ®j is the probability that
a cross-linking molecule is attached to only the kinetic chain
of interest divided by all possible states of degradation, i.e.,
the cross-linking molecule is not completely intact. This
probability is written as

_ @-pPpm
1 @-P"ha - P)

(21)

Again, for a system without cyclization, only one configuration
of the cross-linking molecule is possible and eqs 20 and 21
simplify to eq 4.

The point at which reverse gelation occurs is also influenced
by cyclization. The definition of reverse gelation remains
unchanged; however, the final equation is significantly more
complex. Reverse gelation occurs when the average number o
cross-linksemaining per kinetic chain, xl, is 2. Since cyclization

Martens et al.
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Figure 7. Predicted mass loss versus degradation time from three
hydrogels with increasing degrees of cyclization: &) = 0.2, (b)

W, = 0.5, and (c)¥; = 0.8. Model parameters for all three curves:

= 4,n = 100,k = 0.003 mirr!, andW, = 0.5.

1

IULANLAL I B B B B ¥ RE
o ]
-' [ -
a 0.6 | ]
< - J
= r ]
g [ J
© L ]
s 02 F 7]
ol J

0 200 400 600 800 1000

Time (min)

Figure 8. Theoretical predictions of mass loss for networks with

fncreasing weight percentage of the network contained in the cross-

linking molecules: (ayWy = 0.25, (b)Wy = 0.5, ()W, = 0.75. Other
parameters for all three systems= 100,m= 5, ¥; = 0.5, andk’ =

is present, many structural configurations result, and the g o3 minr.

calculation of the cross-linking density must incorporate all of
the different configurations and their probabilities.

Yi—kn)

Xl = Z(l - Xu)(f

Becausey; is the probability that a certain cross-linking
molecule is releasable, {1y;) is the probability that it is not
releasable, i.e., it is still attached and functioning as a cross-
link.

To predict the mass loss profile of hydrogels formed from
multivinyl cross-linking molecules with varying degrees of
cyclization, eqgs 14 and 20 were substituted into eq 2. Figure 7
illustrates the effect of cyclization on the mass loss predictions
for a hydrogel polymerized from a tetravinyl cross-linking
molecule whereW; is varied from 0.2 to 0.8. Cyclization
effectively lowers the average functionality of the cross-linking
molecules within the hydrogels, causing increased mass loss
rates and reduced degradation times.

(22)

respectively. Thus, as the tendency to cycle with only one vinyl
group left,W,, increases, the total cyclization in the system also
increases and is significantly greater th#n.

Two other model parameters that are adjustable are (1) the

weight percent of the network contained in the cross-linking

moleculesW, relative to the kinetic chains, and (2) the pseudo

first-order kinetic rate constank, for the hydrolysis of the
degradable units. The effect of the weight percent of the cross-

linking molecule on the theoretical mass loss predictions is

shown in Figure 8. Physically, the weight percent in the cross-

linking molecules versus kinetic chains can be varied by

synthesizing a higher molecular weight cross-linking molecule
while leaving the number of vinyl groups the same, or
copolymerizing the cross-linking molecule with varying amounts
of monovinyl monomer.

The three curves in Figure 8 have one distinct similarity: all

three systems undergo reverse gelation at the same time. The

To understand the differences in the three curves in Figure 7 '€Verse gelation time is a function of only the initial number of
fully, the overall fraction of cycles present in the networks was cross-links per kinetic chain and the kinetic rate constant. Both

calculated. The fraction of cycleB, is defined as the relative

of these elements are held constant in the systems shown in

number of cycles in the system compared to the number of Figure 8, so it would be expected that reverse gelation would

cross-links. This fraction was calculated from

be independent dl. Prior to reverse gelation, however, there

are significant variations in the mass loss profiles of these three

Fo= SV =) (23

systems. Referring back to Figure 3, at short times the mass
loss profiles of the systems are dominated by the release of the

cross-linking molecule. Thus, &8, increases, greater mass loss
For the three systems in Figure 7, (a) has approximately 35% occurs at earlier times due to a higher fraction of cross-linking
cyclization, whereas (b) and (c) have 71% and 92% cyclization, molecules in the system.
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P Figure 10. Predicted volumetric swelling ratio profile and compressive
) o ) ) ~ modulus profile as a function of (a) the normalized number of cross-
Figure 9. Mass loss predictions for hydrogels with varying hydrolysis  |inks per kinetic chain, xl/x} and (b) degradation time @} volumetric
rate constants as a function of (a) degradation time and (b) the swelling ratio, @) compressive modulus. Network parameters in-
probability of the linkages being degraded®) (' = 0.003 mirr?, (M) clude: m= 4,n= 10, ¥; = 0.5, W, = 0.5, and k= 0.003 mirL,

k' = 0.0006 mirt, (®) k = 0.0003 mirt. Other parametersn =
100,m = 5, Wy = 0.5, W1 = 0.5. swollen gel. Similarly, the compressive modulus is related to
The effect of the hydrolysis rate constakt, on the mass X! through the rubber-elasticity thedty.The resulting relation-

loss predictions is shown in Figure 9. Figure 9a demonstratesShips are

that this parameter most significantly affects the total time

. : . -3/
required for network degradation. Recall that the pseudo first- QOIx~%* (24a)
order rate constank’, includes the true kinetic rate constant

i ion withi K O [x1]*® (24b)
along with the water concentration within the system due to

the high degree of swelling that is assumed for these systems. . . . . .
Because this parameter dictates the rate at which the degradabi&'0rmalized volumetric swelling ratio and compressive modulus
linkages are hydrolyzed, it follows that &sis increased sois &€ plotted.ln Flgurg 10. The normallzed_ volumetric swe!llng
the overall rate of mass loss. Note tikaaffects the time that 210, Q/Qy, is the ratio ofQ at any point during the degradation
reverse gelation occurs, but does not have an effect on the mas{ the final Ya'ue oR beforg reverse gelatpn oceurs. Similarly,
loss profiles plotted as functions of the probability of degrada- the normqhzed compressive mqu'WKo’ IS .thef ratio of the .
tion, P (Figure 9b). This result follows from the reasoning that COMPressive modulus at any point to the initial compressive
if everything else in the networks remains the same, changing Modulus.
the rate at which the bonds are degraded will affect only the
time for degradation and not how many linkages must be
degraded before reverse gelation occurs. A changgedan be A model to describe the bulk degradation of hydrogel systems
achieved in real systems by varying conditions such as the formed by radical polymerization of degradable multivinyl cross-
temperature or pH at which the degradation occurs. linking molecules was developed. This model has the flexibility
This model also has the capability of looking at macroscopic of being applicable to many systems with multivinyl cross-
properties other than mass loss, such as volumetric swellinglinking molecules. The model is based on a statistical, mean-
ratio, Q, and compressive modulus, In many applications it field approach. Cyclization and reverse gelation, two important
is strongly desirable to understand and predict how both of thesestructural elements, were also incorporated into the model. Both
properties change as the hydrogels degrade. These propertiesf these structural elements were shown to have dramatic effects
were predicted by comparing them to a normalized number of on the mass loss profiles. Reverse gelation determines when
cross-links per kinetic chain, xl/xIThe normalized number of  complete mass loss is achieved, and an increase in cyclization
cross-links allows for easy comparisons between different results in a decrease in time required to reach complete
systems. The FloryRehner equation predicts the molecular degradation. Due to the generalized nature of this model, many
weight between cross-links for a system as a function of parameters can be adjusted to predict degradation under a variety
swelling® From this relationship, a correlation betwe®rand of circumstances. Predictions for systems with different cross-
xl is obtained by neglecting chain ends and assuming a highly linking functionalities, as well systems with an increasing

Conclusions



5138 J. Phys. Chem. B, Vol. 105, No. 22, 2001 Martens et al.

number of cross-linking molecules per kinetic chain, were  Acknowledgment. The authors thank the Colorado Institute
calculated, and mass loss was shown to depend on thesdor Research in Biotechnology and the Department of Education
parameters. Increasing either of these parameters results in §GAANN) for fellowships to P.M., and the Sloan Foundation,
longer time for degradation of the system. The effects of two the National Science Foundation (BES-9734236), and the
additional model parameters, the weight percentage of the National Institutes of Health (RO1 HL60456) for support of this
network contained in the cross-linking molecules and the work through grants.
hydrolysis rate constant were also characterized and shown to
influence the mass loss profile. The average number of cross-
links per kinetic chain was calculated as a function of the References and Notes
degradation time and was related to other macroscopic gel
properties. Relationships between the average number of cross- (1) Superabsorbent Polymer. Science and TechnolBgghholz, F.
links per kinetic chain and the volumetric swelling ratio and L. Peppas, N. A, Eds.; American Chemical Society: Washington, DC,
the compressive modulus were identified, and normalized 1994. . . . _
predictions for the macroscopic properties were made. ThroughProéi)rtizggﬁsk';blé;%d;gggg ,';”re'\é'se:dg(')';z gr;(tiorﬁ”h%%ﬁ%cy. Vol it
a C(_)m_bmatlon of these parameters, the degradation of many (3) Muhlebach, A.; Muller, B.; Pharisa, C.; Hofmann, M.; Seiferling,
realistic systems could be predicted and subsequently controlleds.; Guerry, D.J. Polym. Sci. Part A: Polym. Cherh997, 35, 3603.
Overall, this model incorporates five different parameters, of (4) Metters, A. T.; Bowman, C. N.; Anseth, K. S. Phys. Chem. B
which two are inherent to the polymer system being used, the 200Q 104, 7043.
number of vinyl groups on the cross-linking molecule, and the (5) Ohya, Y.; Maruhashi, S.; Ouchi, Macromol. Chem. Phy4.998
weight percentage of the system that is the cross-linking 19% 2017. o o _
molecule. A third parameter, the hydrolysis rate constant, can Yorée)lg%dl'a”' G Principles of Polymerizatigniohn Wiley & Sons: New
be obtained directly from the volumetric swelling profl!e fgr (7) Elliott, J. E.: Bowman, C. NMacromolecule<.999 32, 8621,
the system. The fourth parameter, the amount of cyclization, . . o

. . . . (8) Flory, P. J.Principles of Polymer ChemistryCornell University
can be estimated from previous wdrkhis leaves just one  press: Ithaca, New York, 1953.
parameter, the number of cross-linking molecules in each kinetic gy wetters, A. T.; Anseth, K. S.; Bowman, C. Rolymer200Q 41,
chain, which can be adjusted to fit the experimental data. 3993.



