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This work demonstrates for the first time molecular imprinting using a ‘‘living/con-
trolled’’ polymerization (LCP) strategy to enhance template loading/affinity and delay
release in weakly crosslinked gels. Two gel systems were studied: poly(DEAEM-co-
HEMA-co-PEG200DMA) gels imprinted for diclofenac sodium and poly(MAA-co-
EGDMA) gels imprinted for ethyl adenine-9-acetate. Experimental evidence confirms
that template diffusion coefficients within imprinted gels can be heavily influenced by
template binding affinity. Recognition studies revealed significant increases in template
loading/affinity with large increases in loading for LCP, and dynamic template release
studies showed that imprinting via LCP extends the template release profile by twofold
over that of imprinting via conventional free-radical polymerization techniques and
fourfold over the control network (less Fickian and toward zero-order release with a
profile coefficient of 0.70). Analysis of reaction kinetics indicated that LCP with re-
versible termination events increases the chemically controlled chain propagation
mechanism, and that binding sites are formed during this phase of the polymerization.
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Introduction

In the field of controlled therapeutic delivery, therapeutic
release from swollen gels typically agrees with the Fickian
model of release kinetics, which means that the therapeutic
release rate is proportional to the therapeutic concentration
gradient.1,2

Macromolecular memory within heteropolymer gels is a rela-
tively new method for additional control of therapeutic diffu-
sion within gels2–9 and is especially useful within decreased
length scales, as with controlled therapeutic delivery via thin
films and coatings. Molecular imprinting techniques introduce
‘‘macromolecular memory’’ within gels and increase the tailor-

ability of the macromolecular structure by producing gel net-
works with intrinsic affinity and capacity for a template mole-
cule. The advantage of tuning copolymer network functionality
is the ability to manipulate the macromolecular structure on the
scale of the therapeutic, thus providing better control over the
drug release rate.2–9 Increasing the number of therapeutic mole-
cules to polymer chains within a given gel volume is also a sig-
nificant advantage and significantly increases the therapeutic
payload. Recently, these techniques have demonstrated
extended therapeutic release and enhanced loading within thin
hydrogel films for application within ocular delivery.2–8 Our
group was the first to demonstrate enhanced loading and
delayed release in hydrogels because of a diversity of mono-
mers,3 and the work of Alvarez-Lorenzo et al.5 was the first to
demonstrate significant dependence on the functional mono-
mer/template ratio. A recent review of imprinting within gels
highlights the immense potential and status of the field.9
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Iniferters, which are initiator-chain transfer molecules pio-
neered by Otzu and Yoshida, and Matyjaszewsk,10,11 have
been used to create linear polymer chains with low polydis-
persities.12–14 ‘‘Living/controlled’’ polymerization (LCP)
reactions have been used to create linear polymers of uni-
form chain length,15–18 specific block copolymers,19–24 and
grafted polymers on silicon surfaces.25–30 Shorter kinetic
chain lengths have been shown with ‘‘living/controlled’’
homopolymerization of methacrylic anhydride,31 and struc-
tural evolution of networks has been studied with living po-
lymerization.32 Surprisingly, there is not much work in the
literature on the use of living polymerization to produce and
control the formation of polymer networks.

Examples of ‘‘living/controlled’’ techniques include, the
use of ring opening metathesis polymerization,33 organome-
tallic molecules,15,34 and atom transfer radical polymeriza-
tion15,35 (ATRP), reverse ATRP,17,36 tellurium-mediated
polymerization (TERP),37 and nitroxide-mediated polymer-
ization (NMP).38 In this work, we exploit reversible addi-
tion-fragmentation chain transfer polymerization ‘‘living’’
polymerization with an iniferter that decays upon UV
irradiation into more stable dithiocarbamyl (DTC) radicals,
which do not actively initiate the polymerization. The termi-
nation step within ‘‘living’’ polymerization is significantly
different from conventional free-radical termination events.
Within ‘‘living’’ polymerization, the DTC radical reacts with
the propagating chain forming a macroiniferter. The
macroiniferter can decay back into a DTC radical and a
propagating chain during the polymerization. Thus, LCP
adds a reversible termination step to the polymerization reac-
tion.39 It is important to note that although there are many
different types of mechanisms, virtually all the methodolo-
gies have a reversible termination step with dormant species
that can be reactivated.

In this work, we are the first to use LCP techniques to
prepare imprinted, weakly crosslinked networks, and the first
to demonstrate enhanced template loading and extended tem-
plate release profiles with imprinted gel networks formed via
LCP. Our gels synthesized via LCP demonstrate very high
template loading capacities when compared with literature
values.2,9

Using living polymerization in the creation of imprinted
networks to enhance or optimize template binding parame-
ters is relatively new. The first evidence in the field to dem-
onstrate this phenomena in highly crosslinked systems
appeared in 2006 by two separate groups.40,41 Our group
demonstrated that LCP techniques applied to molecular
imprinting resulted in enhanced template loading in highly
crosslinked ethyl adenine-9-acetate-imprinted poly(metha-
crylic acid-co-ethylene glycol dimethacrylate) networks.40,42

The LCP with a reversible termination reaction can provide
much more control over the network structure. It increased
the potential for the growing polymer network and template
binding complexes to reach a global energy minimum and
led to further memorization of the chain conformation. Com-
pared to conventional techniques, LCP resulted in a 63%
increase in the number of binding sites at approximately
equivalent average binding affinity while retaining selectivity
for the template. This was hypothesized to be attributed to a
decrease in kinetic chain length and/or a more narrow dis-
persity of kinetic chains, which leads to increased structural

homogeneity with more stability and integrity of more
appropriately sized binding sites.

Yei and coworkers41 used nitroxide-mediated living poly-
merization to produce highly crosslinked imprinted polymers
via a sacrificial covalent bond. Once hydrolyzed, the
imprinted networks prepared via living polymerization dis-
played higher selective cholesterol binding. The sacrificial
covalent bond was crucial to produce a successfully
imprinted polymer because of a high temperature of
reaction, which was needed for the nitroxide-mediated living
polymerization.

It is also important to note that living polymerization has
been used successfully to surface graft imprinted films.43,44

Although these methods exploit LCP techniques, the primary
concern is grafting or attaching the polymer layers or the poly-
mer to a composite material and not on the enhancement of
the template binding parameters. Thus, it should be distinctly
understood that the transition toward enhanced binding param-
eters is very significant and is a new direction in the field.

Another significant aspect of this work is the release of
the anti-inflammatory therapeutic, diclofenac sodium, from
thin film hydrogels. The hydrogels in this work could be an
important material to produce extended release anti-inflam-
matory releasing lenses, which have been produced for timo-
lol,5,7 ketotifen fumarate,2,3 and hyaluronic acid.8

Materials and Methods

The monomers, methacrylic acid (MAA) and ethylene gly-
col dimethacrylate (EGDMA), had inhibitors removed via in-
hibitor removal packing sieves or vacuum distillation before
polymerization. The monomers (diethylaminoethyl methacry-
late (DEAEM) and 2-hydroxyethyl methacrylate (HEMA)),
the initiator (azo-bis(isobutyronitrile) (AIBN)), template mole-
cules (ethyl adenine-9-acetate (EA9A) and diclofenac
sodium), and iniferter (tetraethylthiuram disulfide (TED))
were used as received. Monomers, inhibitor removal packing
sieves, initiator, iniferter, and template were purchased from
Aldrich (Milwaukee, WI). Polyethylene glycol 200 dimetha-
crylate (PEG200DMA) was purchased from Polysciences
(Warrington, PA). HPLC grade solvents, acetonitrile and
methanol, were used as received from Fisher Scientific (Pitts-
burgh, PA). The polymer wash solvent (to remove template
and unreacted monomer) was acetonitrile/methanol at a 4:1
volume ratio for the EA9A-imprinted networks or deionized
(DI) water for the diclofenac sodium-imprinted networks.

Synthesis of poly(MAA-co-EGDMA) recognitive gels

A solution to produce a 5% crosslinked EA9A-imprinted
poly(MAA-co-EGDMA) gel was made with 0.187 mL of
EGDMA (0.993 mmol), 1.6 mL of MAA (18.86 mmol),
18.55 mg of AIBN (0.113 mmol), and 84.06 mg of EA9A
(0.380 mmol). Solutions were placed in a sonicator for several
minutes until all solids were dissolved. Control gel solutions
were made exactly in the same manner except no EA9A tem-
plate was added. A poly(MAA-co-EGDMA) recognitive gel
prepared via LCP was made by addition of 3.89 mg of TED
iniferter (0.013 mmol) to the solution mixture. The molar ra-
tio of initiator divided by iniferter was 8.61. The temperature
of polymerization was carefully controlled (14�C � 1�C)
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throughout the exothermic reaction, and the UV free-radical
polymerization was conducted using a mercury halide source
with a light intensity of 52.5 mW/cm2, calibrated by a pho-
tometer. Temperatures lower than 14�C resulted in freezing of
the prepolymerization mixture. Oxygen, which is a radical
scavenger, was removed by purging the polymerization solu-
tion with nitrogen for a period of 15 min. The polymerization
was carried out via UV-free radical polymerization in a Q-
100 differential photo calorimeter (DPC) from TA Instruments
(New Castle, Delaware) resulting in a polymer disk with a
diameter of 3 mm and a thickness of 1 mm. The DPC
allowed strict temperature control within �1�C.

All poly(MAA-co-EGDMA) gels were washed in a modi-
fied Soxhlet extraction device to ensure that the disks were
immersed in solvent at all times. The wash was stopped after
the template was no longer detected in the effluent. The
discs were allowed to dry under laboratory conditions at a
temperature of �20�C for 24 h and then transferred to a vac-
uum oven (27 in Hg, 33–34�C) for 24 h until the disc weight
change was less than 0.1 wt %.

Synthesis of poly(DEAEM-co-HEMA-co-PEG200DMA)
recognitive gels

Diclofenac sodium-imprinted poly(DEAEM-co-HEMA-
co-PEG200DMA) gels with a 5% crosslinking percentage were
made with 0.336 mL of DEAEM (1.673 mmol), 3.659 mL of
HEMA (30.118 mmol), 0.538 mL of PEG200DMA (1.673
mmol), 20 mg of AIBN (0.121 mmol), and 150 mg of diclofenac
sodium (0.352 mmol). The solutions were mixed and sonicated
until all solids were dissolved, and control gel solutions were
prepared without template. The poly(DEAEM-co-HEMA-co-
PEG200DMA) recognitive gel prepared via LCP was synthe-
sized with 4.20 mg of TED (0.014 mmol) and 40 mg of AIBN
(0.242 mmol). Solutions were transferred to an MBraun Labmas-
ter 130 1500/1000 Glovebox (Stratham, NH), which provided an
inert (nitrogen) atmosphere for free-radical UV photopolymeriza-
tion. Then monomer solutions were pipetted between two 6" �
6" glass plates coated with trichloromethylsilane (to prevent
strong adherence of the polymer matrix to the glass) and sepa-
rated by 0.25 mm Teflon spacers. The solutions were left
uncapped and open to the nitrogen atmosphere until the O2 levels
inside reached negligible levels (\1 ppm). The polymerization
reaction was carried out for 8 min for the poly(DEAEM-co-
HEMA-co-PEG200DMA) control and recognitive gels, whereas
for the LCP prepared polymers the reaction time was 24 min.
Separate DPC studies revealed exact reaction times. The inten-
sity of light from a UV Flood Curing System (Torrington, CT)
was 40 mW/cm2 at a voltage of 325 V, and the temperature
within the glovebox was held constant at 25�C.

After polymerization, the glass plates were soaked in DI
water and the polymers were quickly peeled off the plates
and cut into circular discs using a size 10 cork borer (13.5
mm). The gels were washed in a well-mixed 2 L container
of DI water for 7 days with a constant 5 mL per minute
flowrate of DI water. Absence of detectable drug released
from the polymer gel was verified by removing random gels,
placing them in fresh DI water with adequate mixing, and
sampling the supernatant via spectroscopic monitoring. The
discs were allowed to dry under laboratory conditions at a
temperature of 20�C for 24 h and then transferred to a vac-

uum oven (27 in Hg, 33–34�C) for 24 h until the disc weight
change was less than 0.1 wt %.

Template recognition studies

Binding studies were conducted in acetonitrile and DI
water for the poly(MAA-co-EGDMA) and the poly
(DEAEM-co-HEMA-co-PEG200DMA) gels, respectively. For
the poly(DEAEM-co-HEMA-co-PEG200DMA) gel experi-
ments, a stock solution of 1 mg/mL of diclofenac sodium was
prepared and diluted to five concentrations (0.05, 0.10, 0.15,
0.20, and 0.25 mg/mL). Initial absorbances of each concentra-
tion were measured using a Synergy UV–vis spectrophotome-
ter (BioTek Instruments, Winooski, VT) at 276 nm, the wave-
length of maximum absorption. After the initial absorbance
was taken, a dry, washed poly(DEAEM-co-HEMA-co-
PEG200DMA) polymer disk was inserted in each vial and the
vials were gently mixed until equilibrium. Separate dynamic
studies were performed to assure equilibrium conditions were
reached. After equilibrium was reached over a 7-day period,
the solutions were vortexed for 10 s, and the equilibrium con-
centrations were measured. A mass balance was used to deter-
mine the bound amount of drug within the polymer gel. All
gels were analyzed in triplicate, and all binding values are
based upon the dry weight of the gel.

Similar methods were used with EA9A-imprinted gels
except that binding studies reached equilibrium in 24 h, dif-
ferent template concentrations were used, and acetonitrile
was the rebinding solvent. The wavelength of absorbance for
EA9A was 265 nm.

The Freundlich isotherm (Eq. 1) was used to determine
binding parameters because it gave the best fit to the experi-
mental data.

Q ¼ kf C
n
e (1)

The amount bound by the recognitive polymer is Q, Ce is
the equilibrium concentration, and kf is the affinity. The
maximum affinity (Kmax) and minimum affinity (Kmin) can
be calculated from the maximum and minimum equilibrium
concentrations (Ce max and Ce min) as described in Eq. 2.

Kmin ¼ 1

Cemax

and Kmax ¼ 1

Cemin

(2)

The number of binding sites (NK1-K2
) between affinities K1

and K2 and the average affinity (KK1�K2
), which is between

Kmin and Kmax, were calculated using Eqs. 3 and 4.

NK1�K2
¼ kfð1� n2ÞðK�n

1 � K�n
2 Þ (3)

KK1�K2
¼ n

n� 1

� � K1�n
1 � K1�n

2

K�n
1 � K�n

2

� �
(4)

Dynamic template release studies and diffusion
coefficient determination

After binding studies, template loaded gels, loaded at a
template concentration of 0.25 mg/mL, were placed in a
Sotax Dissolution Apparatus (Horsham, PA) with 1000 mL
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of artificial lacrimal solution. The artificial lacrimal solution
was prepared with 6.78 g/L NaCl, 2.18 g/L NaHCO3, 1.38
g/L KCl, and 0.084 g/L CaCl2�2H2O, and the pH was 8.0.45

The solution was stirred at a constant rate of 75 rpm by pad-
dles and kept at a constant temperature of 37�C. At various
time points, the absorbance of the solution was measured
using a Synergy UV–vis spectrophotometer (BioTek Instru-
ments, Winooski, VT) at 276 nm until the concentration did
not change more than 1%.

Fractional template release profiles were calculated for the
diclofenac recognitive and control gels by taking the amount
of template released at specific times, Mt, divided by the
maximum amount of diclofenac released during the experi-
ment, M1. The fractional template release profile, Mt/M1
vs. time, was determined for each gel. Template diffusion
coefficients were calculated using Fick’s law, which
describes one-dimensional planar solute release from gels.46

For polymer geometries with aspect ratios (exposed surface
length/thickness) greater than 10, edge effects can be ignored
and the problem approached as a one-dimensional process.46

Solution of Fick’s law for short times of diffusion is given
by Eq. 5,

Mt

M1
¼ 4

Dt

pL2

� �1
2

(5)

where Mt is the mass of template released at time t, M1 is the
mass of template released at infinite time, D is the diffusion
coefficient independent of position and concentration, and L is
the thickness of the polymer. For each polymer network, the
fractional release of template (Mt/M1) vs. (t0.5/L) was plotted
and the diffusion coefficient was calculated from the slope.
The exponent, n, was also calculated using the empirical
relationship Mt/M1 ¼ ktn. An exponent value of 0.5 from a
disk indicates Fickian diffusion, and a value of 1 indicates zero
order or constant release.

For the EA9A-imprinted poly(MAA-co-EGDMA)gels,
template loaded gels were placed in 25 mL of acetonitrile,
and the solutions were mixed using an Ocelot oscillator
(Boekel Scientific, Feasterville, PA). Separate studies were
conducted to assure an infinite sink, and the fluid was
changed every 8 h for the first 36 h and thereafter every 24
h. At every fluid change, a 200 lL aliquot was taken and the
EA9A concentration was measured via absorbance at a
wavelength of 265 nm.

Gel swelling and structural studies

The equilibrium weight swelling ratio was obtained by
taking the ratio of the swollen weight to the dry weight. The
equilibrium volume swelling ratio, Q, was calculated as
follows:

Q ¼ 1

t2;S
¼ V2;S

V2;d
(6)

where V2, S is the swollen gel volume at equilibrium, V2, d is
the volume of the dry polymer, and t2,s is the polymer volume
fraction in the swollen state. The dry and swollen gels were
weighed in air and heptane, a nonsolvent, using a micro-
balance (Sartorius). The volume of the gel in the swollen or

dry state was obtained by using Archimedes buoyancy
principle with heptane (density of 0.684 g/mL at a temperature
of 25�C). Gels in the relaxed state were weighed immediately
after polymerization without exposure to solvent.

Dynamic swelling studies were performed by placing dry
polymer disks in solvent and weighing at various time inter-
vals by removing the gels from the swelling media and blot-
ting with absorbent, lint-free tissue to remove excess surface
solvent.

Hydrogel structural analysis was obtained by swelling and
tensile experimental studies and by using the theory of rub-
ber elasticity. Static experiments were performed in the equi-
librium swollen state. Samples of each gel (1 mm � 5 mm
� 15 mm strips) were removed from the solvent and ana-
lyzed with a RSA III Dynamic Mechanical Analyzer
(DMA), (TA Instruments, New Castle, DE) to obtain stress
vs. strain.

The following equation47,48 takes into account the polymer
swollen until equilibrium with the solvent, but not prepared
in solvent.

s ¼ RT
1

tMc

� �
1� 2Mc

Mn

� �
a� 1

a2

� �
t1=32;s (7)

where s is the normal stress applied, a is the deformation of the
network structure by elongation which is equivalent to the
stretched length over initial length (a ¼ L/Lo), t is the specific
volume of the polymer in the relaxed state, Mn is the number-
average molecular weight, and Mc is the average molecular
weight between crosslinks, R is the universal gas constant, and
T is the temperature. Because Mc � Mn, Eq. 7 simplifies
further and the stress/strain data obtained from DMA were
plotted with the deformation term on the y-axis and tension, s,
on the x-axis to obtain the slope, from which the average
molecular weight between crosslinks, Mc, was calculated. To
determine the mesh size, n, of the polymer network, the
relationship of n to Mc was determined from the work of
Peppas and coworkers,1,49

n ¼ Q1=3 2Cn

Mc

Mr

� �� �1=2
l (8)

where Q is the equilibrium volume swelling ratio, Cn is the
Flory characteristic ratio for the polymer (obtained from a
molar average of the homopolymers), and Mr is the effective
molecular weight of the repeating unit (determined by a
weighted average of the copolymer composition). The Cn

values used in this analysis were 14 for polymethacrylic acid,
3.8 for polyethylene glycol dimethacrylate, and 11 for
poly(DEAEM-co-HEMA-co-PEG200DMA), a typical average
value of the characteristic ratio.50–53 The carbon–carbon bond
length of the polymer backbone, which is equal to 1.54 Å, is
represented by length, l.

Kinetic analysis of polymerization reaction

A dark reaction was used to determine the kinetic reaction
profile for the poly(MAA-co-EGDMA) gels.54,55 For each
polymerization reaction, the UV light was shut off at a spe-
cific time point during the reaction. The rate of polymeriza-
tion was calculated via reaction analysis using the heat flow

AIChE Journal January 2010 Vol. 56, No. 1 Published on behalf of the AIChE DOI 10.1002/aic 271



vs. time results from the DPC, average molecular weight of
the polymerization solution, and the theoretical heat of reac-
tion. Fractional double bond conversion was determined by
dividing the experimental heat of reaction by the theoretical
heat of reaction. The experimental heat of reaction was
determined by the area under the heat flow vs. time curve
from the DPC. The termination and propagation constants, kt
and kp, were calculated from Eqs. 9 and 10, and the deriva-
tion of these equations can be found in Odian or Flory.48,56

kp

k
1
2
t

¼ Rp

½M�ðfIoe½I�Þ
1
2

(9)

where [M] represents the monomer concentration, the initiator
efficiency is f, Io is the light intensity, e is the extinction
coefficient, and [I] is the initiator concentration. The unsteady
state equation used to decouple the propagation constant and
the termination constant is shown later,

k
1
2
t ¼

kp

k
1
2
t

2ðt1 � t0Þ
½M�t¼t1

Rpt¼t1

� ½M�t¼to

Rpt¼to

� �
(10)

where t1and t0 are the final and initial times, [M]t¼t1 and
[M]t¼t0 are the corresponding monomer concentrations, and
Rpt¼t1 and Rpt¼t0 are the rate of polymerization at the final and
initial times, respectively.

Results and Discussion

Template recognition

Template binding results for poly(MAA-co-EGDMA) gels
are presented in Figure 1. The most dramatic results are seen
comparing template loading capacity. As demonstrated by
the equilibrium binding isotherm, the poly(MAA-co-
EGDMA) recognitive gel had a 42% increase in template
binding capacity over that of the control network. The tem-
plate loading capacity for the poly(MAA-co-EGDMA) con-
trol gel and recognitive gel was (1.40 � 0.30 and 2.00 �
0.20) � 10�2 mmol/g, respectively. The increase in capacity
results from the macromolecular memory produced by the
imprinting process. The concept of macromolecular recogni-
tion within gels manifests itself from two major synergistic
effects, (i) memory cavities produced from multiple flexible
chains, which primarily stabilize the chemistry in a cross-
linked network, and (ii) chemical groups oriented to form
multiple complexation points with the template. Macromo-
lecular memory and the imprinting effect demonstrated in
weakly crosslinked gels are significant because most

imprinted systems to date are highly crosslinked. Only
recently has the molecular imprinting technique been demon-
strated within flexible networks.2–8

The poly(MAA-co-EGDMA) recognitive gel prepared via
LCP had a 90% increase in template binding capacity (3.80
� 0.40 � 10�2 mmol/g) compared with the recognitive gel
prepared via conventional free-radical polymerization and a
171% increase in template binding capacity over the control
(Figure 1). The increase in template binding capacity for the
gel formed via ‘‘living’’ polymerization indicates enhanced
macromolecular memory for the template above typical free-
radical polymerization methods. For weakly crosslinked sys-
tems, this has not been demonstrated earlier in the literature.
Recently, our group was the first to publish evidence
of enhanced binding parameters for highly crosslinked
systems.40,42

The templating or imprinting effect is also evident in the
calculated template binding affinities. Binding affinities cal-
culated by Freundlich isotherm analysis for the poly(MAA-
co-EGDMA) control gel, recognitive gel, and recognitive gel
prepared via LCP were 1.93 � 0.10, 2.45 � 0.13, and 2.21
� 0.11 mM�1, respectively. The recognitive gel and the rec-
ognitive gel prepared via LCP had similar average template
affinities; however, both recognitive gels had higher average
affinities than the control network. The increased template
binding affinity is a direct result of imprinting. All the bind-
ing parameters for the weakly crosslinked poly(MAA-co-
EGDMA) networks are presented in Table 1.

Figure 1. Poly(MAA-co-EGDMA) gel binding isotherms
for ethyl adenine-9-acetate in acetonitrile.

Data points represent the poly(MAA-co-EGDMA) control
gel(—), the poly(MAA-co-EGDMA) recognitive gel (h),
and the poly(MAA-co-EGDMA) recognitive gel prepared
via ‘‘living/controlled’’ polymerization (~). The poly(-
MAA-co-EGDMA) recognitive gel prepared via ‘‘living/
controlled’’ polymerization has a loading capacity 90%
higher than the poly(MAA-co-EGDMA) recognitive gel
capacity and a 171% increase over the control network.
Error bars represent the standard error with n ¼ 4.

Table 1. Poly(MAA-co-EGDMA) and Poly(DEAEM-co-HEMA-co-PEG200DMA) Gel Template Binding Affinity and Capacity
Comparing Conventional and Living/Controlled Polymerization

Gel Type Template Ka (mM�1) Capacity (mmol/g)

Poly(DEAEM-co-HEMA-co-PEG200DMA) recognitive gel Diclofenac 15.05 � 0.82 2.30 � 0.20 � 10�2

Poly(DEAEM-co-HEMA-co-PEG200DMA) recognitive gel
prepared via ‘‘living/controlled’’ polymerization

Diclofenac 14.57 � 0.73 3.54 � 0.16 � 10�2

Poly(DEAEM-co-HEMA-co-PEG200DMA) control gel None 9.91 � 0.49 0.96 � 0.12 � 10�2

Poly(MAA-co-EGDMA) recognitive gel EA9A 2.45 � 0.13 2.00 � 0.20 � 10�2

Poly(MAA-co-EGDMA) recognitive gel prepared
via ‘‘living/controlled’’ polymerization

EA9A 2.21 � 0.11 3.80 � 0.40 � 10�2

Poly(MAA-co-EGDMA) control gel None 1.93 � 0.10 1.40 � 0.30 � 10�2
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These results have also been confirmed in another polymer
gel system using a different template. Diclofenac sodium
binding results for the poly(DEAEM-co-HEMA-co-
PEG200DMA) control gel, recognitive gel, and the recogni-
tive gel prepared via LCP are presented in Figure 2. The
poly(DEAEM-co-HEMA-co-PEG200DMA) recognitive gel
had a 140% increase in template loading over that of the
control network, with loading capacities of (0.96 � 0.12 and
2.30 � 0.20) � 10�2 mmol/g, respectively. The recognitive
gel prepared via LCP had a 54% increase in template load-
ing capacity (3.54 � 0.16) � 10�2 mmol/g) over that of the
recognitive gel and a 269% increase over that of the control
gel. Both recognitive gels had �1.5 times higher template
binding affinity than the control gel, which had a template
binding affinity of 9.91 � 0.49 mM�1. All binding parame-
ters for the diclofenac-imprinted poly(DEAEM-co-HEMA-
co-PEG200DMA) gels are presented in Table 1.

Although these networks demonstrate similar trends and
numerical values in capacity and percent increase in
capacity, the poly(MAA-co-EGDMA) gels have significantly
smaller binding affinities compared with the poly(DEAEM-
co-HEMA-co-PEG200DMA) gels. This is due to differences
in the noncovalent template–polymer binding strength and
the network structure itself, and it is reflected in comparison
of the binding isotherms with poly(DEAEM-co-HEMA-co-
PEG200DMA) gels exhibiting higher binding at lower
concentrations.

The poly(MAA-co-EGDMA) gels primarily exploit hydro-
gen bonding in recognition of EA9A in acetonitrile. The pol-
y(DEAEM-co-HEMA-co-PEG200DMA) gel uses ionic bond-
ing in conjunction with hydrogen bonding to recognize
diclofenac sodium in water. Ionic bonds are the strongest
noncovalent bonds with bond strengths of 5–35 kcal/mol,

approaching a third of covalent bond strength, and are 20–30
times stronger than hydrogen bonds.57,58 Stronger noncova-
lent bonds are manifested in higher binding affinities via
macromolecular memory for the template.

It is important to note that the rebinding solvents were dif-
ferent with acetonitrile and water being used for the poly
(MAA-co-EGDMA) gel and poly(DEAEM-co-HEMA-co-
PEG200DMA) gel studies, respectively. A polar, protic sol-
vent has a permanent dipole moment and can form hydrogen
bonds. A polar, aprotic solvent has a permanent dipole
moment, but cannot form hydrogen bonds. Water is a polar,
protic solvent and acetonitrile is a polar, aprotic solvent with
dielectric constants of 80.4 and 37.5 at a temperature of
25�C, respectively. Thus, each system exploits a different,
yet effective, intended noncovalent template polymer binding
event by careful selection of solvent. If hydrogen bonding
was the primary bonding force for the template polymer in
an aqueous environment, water would compete and weaken
template–polymer interactions.

Reaction double bond conversion

Structural differences can be due to differences in monomer
conversion and crosslinking monomer. Poly(DEAEM-co-
HEMA-co-PEG200DMA) imprinted gels were synthesized
using a crosslinker with �4.5 more ethylene glycol groups
than the poly(MAA-co-EGDMA) gels. This longer crosslinker
increased interchain network flexibility and has been shown
to lead to decreases in binding affinity and capacity.59

To ensure the enhanced loading from the poly(MAA-co-
EGDMA) and poly(DEAEM-co-HEMA-co-PEG200DMA)
gels prepared via LCP was not due to differences in mono-
mer conversion, reaction analysis was performed to deter-
mine double bond conversion. The double bond conversion
calculated via reaction analysis for the poly(MAA-co-
EGDMA) recognitive gel and the recognitive gel prepared
via LCP was 56% � 3.2% and 59% � 3.5%, respectively.
There were also no statistical differences between the poly
(DEAEM-co-HEMA-co-PEG200DMA) recognitive gel and
the gel prepared via LCP, which had double bond conver-
sions of 80% � 5.1% and 83% � 4.7%, respectively. Higher
conversions with longer crosslinking monomers have
been shown to be a result of increased flexibility resulting in
lower amounts of pendant double bonds,42 thus longer
crosslinking monomer chains have a higher reactivity. Pend-
ant double bonds are sterically hindered by the surrounding
polymer network and cannot react with surrounding radical
chains.

These results conclusively rule out increases in template
binding capacity because of increased double bond conver-
sion. Significant differences in reacted double bonds may
indicate differences in polymer structure, which could alter
the polymer binding characteristics. Because conversion is
held constant, structural changes induced via the ‘‘living/
controlled’’ templating polymerization mechanism can be
studied.

To determine whether the increase in template loading via
‘‘living’’ polymerization techniques was due to a incorpora-
tion of more functional monomer within the network, a poly
(DEAEM-co-HEMA-co-PEG200DMA) control gel was pre-
pared using LCP. It is important to note that the control gel

Figure 2. Poly(DEAEM-co-HEMA-co-PEG200DMA) gel
binding isotherms for diclofenac sodium in
water.

Poly(DEAEM-co-HEMA-co-PEG200DMA) recognitive gel
via ‘‘living/controlled’’ polymerization techniques (D) shows
a 54% increase in loading capacity over that of poly
(DEAEM-co-HEMA-co-PEG200DMA) recognitive gel (h).
Both recognitive gels bound more diclofenac sodium com-
pared with the control gel (x), and the recognitive gel had a
140% increase in template loading over that of the control
network, the recognitive gel prepared via ‘‘living/con-
trolled’’ polymerization had a 269% increase over that of
the control gel. Error bars represent the standard error with
n ¼ 3.
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was synthesized in the exact same manner as the recognitive
gel excluding the template molecule. A control gel formed
via LCP having a higher binding capacity than the control
gel made with standard free-radical polymerization would
indicate an increase in template nonspecific binding. Thus,
the enhanced loading results could be explained by a greater
percentage of functional monomer incorporated in the net-
work (i.e., LCP techniques affected the reactivity ratios).
However, the equilibrium template binding isotherm for the
poly(DEAEM-co-HEMA-co-PEG200DMA) control gel pre-
pared via LCP was a statistical match to the poly(DEAEM-
co-HEMA-co-PEG200DMA) control gel isotherm. Similar
binding parameters indicate that LCP does not affect the
nonspecific binding or the amount of functional monomer
incorporated within the gel.

Template transport and network structure

Dynamic fractional and cumulative template release stud-
ies for the diclofenac sodium-imprinted poly(DEAEM-co-
HEMA-co-PEG200DMA) gels are shown in Figures 3 and 4,
respectively. The recognitive gel showed a twofold extension
in template release time compared with the control gel (i.e.,
the recognitive gel released 70% of template over 700 min
compared with 300 min for the control). For the gel formed
via LCP, 70% template was released over a time period of
1400 min. Imprinting via ‘‘living’’ polymerization extends or
delays the template release profile by twofold over that of
imprinting via conventional free-radical polymerization tech-
niques and fourfold over that of the control network.

Template effective diffusion coefficients were determined
from the release data and quantitatively highlight these dif-
ferences. The template diffusion coefficients for the control
gel, recognitive gel, and the recognitive gel prepared via
LCP were 6.37 � 1.02 � 10�9 cm2/s, 3.20 � 0.48 � 10�9

cm2/s, and 1.49 � 0.33 � 10�9 cm2/s, respectively. The con-
trol gel had a two- and fourfold higher diffusion coefficient
than the recognitive gel and recognitive gel prepared via
LCP, respectively.

The release profiles of the recognitive gel and recognitive
gel prepared via LCP are less Fickian and moving toward
zero-order release with profile coefficients of 0.68 and 0.70,
respectively. The control gel conforms very well to a Fickian
release profile with n ¼ 0.48. Thus, molecular imprinting
shifted the release profiles toward zero-order template
release, or constant release that is not dependent upon time
or template concentration. Exploiting LCP methods contrib-
utes further control upon the template release characteristics
of the hydrogel. Our research group has recently demon-
strated that slower release profiles for imprinted gels is due
to the intrinsic template binding characteristics of the poly-
mer network, and may be best explained by the ‘‘tumbling
hypothesis.’’2 The hypothesis states that as the template mol-
ecule diffuses through the network it binds and unbinds a
number of times to multiple binding sites as it diffuses
through the network.

The cumulative release profiles (Figure 4) highlight the
total amount of diclofenac template released by each poly
(DEAEM-co-HEMA-co-PEG200DMA) gel. The recognitive
gel releases 179% more template compared with the control
network over a period of 7 days, with 1.34 � 0.04 mg and
0.48 � 0.01 mg of diclofenac sodium released. This indi-
cates that macromolecular memory increases the template
loading capacity and confirms the increase in template bind-
ing shown in the binding analysis. The recognitive gel pre-
pared via LCP released 1.87 � 0.06 mg or 34% more drug
over a 7-day period in a more controlled manner than the
recognitive gel prepared by conventional polymerization.
This is also reflected in the binding analysis, with these gels
binding the most template of all gels studied.

To further understand and confirm these results, structural
analysis was performed starting with dynamic swelling
experiments. Dynamic volume swelling studies for the diclo-
fenac sodium-imprinted poly(DEAEM-co-HEMA-co-
PEG200DMA) gels are presented in Figure 5. The recogni-
tive and control gels had identical profiles indicating that the
networks are structurally and compositionally very similar.

Figure 3. Fractional release of diclofenac sodium template
for poly(DEAEM-co-HEMA-co-PEG200DMA) gels.

The recognitive gel prepared via ‘‘living/controlled’’ poly-
merization (D) had extended release in water when com-
pared with the recognitive gel (h) and the control gel (x).
The error bars represent the standard error with n ¼ 3.

Figure 4. Cumulative mass released of diclofenac so-
dium template for poly(DEAEM-co-HEMA-co-
PEG200DMA) gels.

The recognitive gel prepared via ‘‘living/controlled’’ poly-
merization (D) released a higher amount of diclofenac so-
dium in water when compared with the recognitive gel (h)
and the control gel (x). The error bars represent the standard
error with n ¼ 3.
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The dynamic swelling profile of the recognitive gel prepared
via LCP is similar, but the equilibrium value is lower than
both the poly(DEAEM-co-HEMA-co-PEG200DMA) control
and recognitive gel indicating that the gel swells to a lesser
extent and the polymer volume fraction in the swollen state
is higher.

Mesh size calculations confirm these results. At equivalent
double bond conversions, diclofenac-imprinted poly
(DEAEM-co-HEMA-co-PEG200DMA) recognitive gels pre-
pared with conventional polymerization and LCP methods
had average mesh sizes of 30.3 � 1.7 and 19.7 � 2.1 Å,
respectively. LCP created smaller mesh sizes, which may
originate from smaller and more monodisperse kinetic chain
lengths within the copolymer network, which contributes to
the overall homogeneity of the network structure. LCP tech-
niques have shown to produce shorter kinetic chain lengths
and low polydispersities in linear polymer networks.15,17,36

Mesh sizes were also calculated for the poly(MAA-co-
EGDMA) networks. The mesh sizes were 4.13 � 0.20 and
4.13 � 0.30 Å in acetonitrile for the recognitive gel and the

recognitive gel prepared via LCP, respectively. The rela-
tively small mesh size suggests that these gels are in a col-
lapsed state. Mesh sizes for similar poly(MAA-co-
PEGDMA) gel networks have been presented within litera-
ture ranging from 3.4–23.8 Å.60,61 Crosslinked polymer gels
in a collapsed state would have a high Flory-Huggins poly-
mer–solvent interaction parameter with the solvent (v1 [ 0),
which decreases the equilibrium swelling ratio and decreases
mesh size.47 The Flory interaction parameter is a unitless
representation of the enthalpy of mixing, which relates to the
thermodynamic relationships between the crosslinked poly-
mer chains in contact with a solvent. The MAA chains pre-
fer to associate with themselves resulting in a collapsed gel
rather than being in a fully extended solvated state. It is im-
portant to note that these gels are made without solvent.

Similar mesh sizes for the poly(MAA-co-EGDMA) recog-
nitive gels confirm the network structure being very similar
regardless of the nature of the polymerization reaction. How-
ever, the template binding results indicate more effective
binding sites with a 90% increase in capacity for the recog-
nitive gel prepared via LCP. This disparity is probably due
to the network being in a collapsed state, with memory sites
able to bind the template.

Template diffusion through an imprinted polymer network
can be influenced by three main variables, average mesh
size, template size, and template–polymer chain interactions
(i.e., the imprinting effect). Manipulation of one or more of
these variables can alter the template diffusion coefficient.
An increase in polymer mesh size holding template size and
template–polymer chain interactions constant would corre-
spond to an increase in template diffusion. An increase in
template size holding mesh size and template–polymer chain
interactions constant would correspond to a decrease in the
template diffusion coefficient. An increase in template–poly-
mer chain interactions holding template size and mesh size
constant would correspond to a decrease in the template dif-
fusion coefficient. Table 2 presents data that influence tem-
plate diffusion, such as template binding affinity, template
hydrodynamic radius, network average mesh size, as well as
the template diffusion coefficient for each gel system.

A few trends and important points are evident making
comparisons within the table. Considering the poly(DEAEM-
co-HEMA-co-PEG200DMA) gels, living polymerization

Table 2. Template Diffusion Parameters of Poly(MAA-co-EGDMA) and Poly(DEAEM-co-HEMA-co-PEG200DMA)

Imprinted Gels

Gel Type Template
Ka

(mM�1)

Template
Molecular
Weight

Template
Hydrodynamic
Radius (Å)

Mesh Size
(Å)

Mesh Size/Template
Hydrodynamic
Radius Ratio

Effective Diffusion
Coefficient

(cm2/s) � 109

Poly(DEAEM-co-
HEMA-co-PEG200DMA)
recognitive gel

Dicolfenac 15.05 � 0.82 318.14 4.3 30.3 � 1.7 7.05 3.20 � 0.48

Poly(DEAEM-co-HEMA-co-
PEG200DMA) recognitive
gel prepared via ‘‘living/
controlled’’ polymerization

Dicolfenac 14.57 � 0.73 318.14 4.3 19.7 � 2.1 4.58 1.49 � 0.33

Poly(MAA-co-EGDMA)
recognitive gel

EA9A 2.45 � 0.13 221.22 4.5 4.13 � 0.20 0.92 7.15 � 0.13

Poly(MAA-co-EGDMA)
recognitive gel
prepared via ‘‘living/
controlled’’ polymerization

EA9A 2.21 � 0.11 221.22 4.5 4.13 � 0.30 0.92 7.26 � 0.15

Figure 5. Dynamic volume swelling studies for poly
(DEAEM-co-HEMA-co-PEG200DMA) gels.

The recognitive gel (h) and the control gel (x) had similar
swelling characteristics in the aqueous solution of diclofe-
nac sodium (concentration 2 mg/mL). The recognitive gel
prepared via ‘‘living/controlled’’ polymerization (D) had a
lower equilibrium volume swelling value and more polymer
volume fraction in the swollen state, which indicates differ-
ences in macromolecular structure. The error bars represent
the standard error with n ¼ 3.
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decreases the mesh size by a factor of 1.5, which leads to
more delayed release and a reduction in the template diffu-
sion coefficient. Because the poly(MAA-co-EGDMA) gels
are in a collapsed state, differences in mesh size are not
apparent. However, in both systems, as previously described,
imprinted gels prepared via living polymerization increase
the template capacity at relatively similar affinities. How-
ever, it is not apparent if the delayed template transport is
due to the imprinting effect.

Delayed release from an imprinted gel can result from
increased template affinity and/or an increase in the number
of binding sites. For example, with the number of binding
sites constant, an increased affinity can lead to delayed
release. Increasing the number of binding sites with the
same affinity and can also lead to delayed release. This
forms the basis for our group’s recent ‘‘tumbling hypothesis’’
describing template tumbling from binding site to site diffus-
ing out of the gel.2 Template binding analysis showed a
54% increase of the loading capacity for the poly(DEAEM-
co-HEMA-co-PEG200DMA) recognitive gel prepared via
LCP over that of the recognitive gel. This would mean there
are a little over 1.5 times as many sites within the same vol-
ume of polymer network (i.e., the volume of the gels was
consistent, and the polymer volume fraction in the swollen
state was 0.70 and 0.67), and the template molecule may
bind and unbind 1.5 times as many times to sites, thus
extending the dynamic release profile.

Comparing conventionally prepared gels for both systems,
the diffusion coefficient for the poly(MAA-co-EGDMA) rec-
ognitive gel is 2.2 times higher than the diffusion coefficient
for poly(DEAEM-co-HEMA-co-PEG200DMA) recognitive
gel ((7.15 � 0.13) � 10�9 and (3.20 � 0.48) � 10�9 cm2/s,
respectively). Considering the similarly sized template mole-
cules, the EA9A-imprinted gels have a smaller average mesh
size, 4.13 � 0.2 Å, and the diclofenac sodium-imprinted gels
have a larger average mesh size, 30.3 � 1.7 Å. EA9A has a
hydrodynamic radius in acetonitrile at 25�C of �4.5 Å,62

and diclofenac sodium has a hydrodynamic radius of �4.3
Å63,64 in water at 25�C. Because the mesh size/template
hydrodynamic radius ratio is �7.3 times higher for the
poly(DEAEM-co-HEMA-co-PEG200DMA) recognitive gel,
it would be expected to have faster template transport. The

lower diffusion coefficient for the poly(DEAEM-co-HEMA-
co-PEG200DMA) recognitive gel is a direct result of
imprinting, and the template diffusion coefficients for
imprinted polymers can be heavily influenced by template
binding affinity. The template binding affinities calculated by
Freundlich isotherm analysis for the poly(MAA-co-EGDMA)
and the poly(DEAEM-co-HEMA-co-PEG200DMA) recogni-
tive gels were 2.45 � 0.13 and 15.05 � 0.82 mM�1, respec-
tively. Although mesh size and template molecular size are
important factors in diffusional transport, there was a rela-
tively large increase in template binding affinity, which
results in a significant increase in the template–polymer
chain interaction. The increase in binding affinity influences
template release through stronger intrinsic macromolecular
recognition. Diclofenac sodium would diffuse through the
gel binding and rebinding to macromolecular memory sites
with strong ionic noncovalent bonding on its way through
the network, whereas EA9A would have to diffuse through
the network binding and rebinding to sites with relatively
weak hydrogen bonding. The strength of the diclofenac so-
dium binding site is approximately six times stronger than
the EA9A binding site. A stronger argument can be pre-
sented for the poly(DEAEM-co-HEMA-co-PEG200DMA)
recognitive gels prepared via LCP because there is a 6.6-fold
increase in template affinity with a 4.9-fold decrease in tem-
plate transport with less difference in the polymer mesh size
on the associated template release (i.e., the mesh size to tem-
plate hydrodynamic radius ratios are 19.7 � 2.1 for the
poly(DEAEM-co-HEMA-co-PEG200DMA) gel and 4.13 �
0.30 for the poly(MAA-co-EGDMA) gel prepared by LCP).
Therefore, it is clear that imprinting plays an important role
in the transport of the template from the network.

Reaction kinetics

The kinetic parameters of the poly(MAA-co-EGDMA) gel
reaction were analyzed to determine what changes the ‘‘liv-
ing’’ polymerization technique had upon the kinetic con-
stants of propagation and termination. Thirteen dark reac-
tions for the kinetic analysis for poly(MAA-co-EGDMA)

Figure 6. Poly(MAA-co-EGDMA) dark reaction kinetic
analysis.

Thirteen reactions demonstrate the dark reaction analysis for
the determination of propagation and termination kinetic
constants. This graph represents the rate of polymerization
of poly(MAA-co-EGDMA) control gel vs. time.

Figure 7. Propagation constants from Poly(MAA-co-
EGDMA) gel kinetic analysis.

The propagation constant for the poly(MAA-co-EGDMA)
recognitive gel (n)and control gel (l) had statistically simi-
lar trends with double bond conversion. Chemically con-
trolled propagation mechanism occurs until 0.23 fractional
double bond conversion. Higher conversions have a
decrease in propagation indicating diffusion-controlled prop-
agation. The ‘‘living/controlled’’ recognitive gel (~) shows
a more constant rate of propagation until a fractional double
bond conversion of 0.40 indicating a longer chemical-con-
trolled propagation mechanism.
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control gel are shown in Figure 6. The propagation constant
kp, termination constant kt, and kt/kp vs. double bond
conversion for recognitive and control gels are shown in
Figures 7–9, respectively.

The propagation constant vs. conversion (Figure 7) for the
poly(MAA-co-EGDMA) recognitive and control gel follow
typical experimental values found in the literature.54,55,65

The propagation constant remains relatively constant where
the chemical reaction is controlling the propagation mecha-
nism for the gels (less than 0.23 fractional double bond con-
version). At higher conversions, the propagation constant for
the recognitive and control gel starts to decrease indicating
that the propagation is being controlled by the diffusion-con-
trolled mechanism. The diffusion-controlled propagation
mechanism is where the controlling factor is the radical dif-
fusing through the network to react with double bonds, thus
propagating chains.66

For the ‘‘living/controlled’’ recognitive gel, propagation
remains relatively constant until the fractional double bond
conversion reaches 0.3 and 0.4. This indicates that the addi-
tion of iniferter increases the amount of network formed dur-
ing the chemical reaction-controlled propagation mechanism.
After a fractional double bond conversion of 0.4, the propa-
gation constant decreases indicating the diffusion-controlled
propagation mechanism.

The termination constants for the poly(MAA-co-EGDMA)
control, recognitive gels, and gels prepared via ‘‘living/con-
trolled’’ techniques have similar trends (Figure 8). The ter-
mination constant, kt, vs. conversion has a relatively constant
range with a decrease of termination constant at higher con-
versions. Typically, the termination constant has three
regions. The regions are represented by an increase, a pla-
teau, and a decrease in termination constant. These regions
represent termination through segmental diffusion, limitation
of segmental diffusion and the increasing dominance of reac-
tion diffusion, and diffusion-controlled termination depend-
ent upon propagating events, respectively. The segmental
diffusion for the poly(MAA-co-EGDMA) networks is not
evident in the data. Crosslinking reactions have a much ear-
lier onset of gelation as early as 5% conversion.55 The reac-
tions presented in Figure 8 have the first data point at or
above 5% conversion. Evident with the poly(MAA-co-
EGDMA) gels is the plateau region from a fractional double
bond conversion of (0.05–0.42). Segmental diffusion is lim-

ited and the reaction diffusion becomes increasingly domi-
nant during this section of the polymerization. After a frac-
tional double bond conversion of 0.42, the termination con-
stant decreases which is consistent with literature. The
decrease in the termination constant at higher double bond
conversions is due to a decrease in propagation events and
monomer-controlled diffusion. The ratio of kt/kp is shown in
Figure 9.

The results from the kinetic analysis for the poly(MAA-co-
EGDMA)-imprinted gels indicate that LCP specifically
increases the chemical-controlled propagation mechanism.
The increase in the chemical-controlled propagation mecha-
nism in combination with binding capacity increases for these
gels indicates that effective binding sites are formed during
the chemical-controlled segment of the polymerization.

LCPs have reversible termination that increases the chemi-
cal-controlled propagation mechanism during which the
growing polymer chains are less hindered by diffusional and
structural limitations of the forming polymer network. By
increasing the duration of the chemical-controlled propaga-
tion mechanism through ‘‘living’’ polymerization techniques,
the growing polymer chains (i.e., including growing polymer
chains forming macromolecular memory) would have more
time during the reaction to move to the lowest energy con-
formation. It is hypothesized that these types of limitations
lead to frustrations within the gel, which prevent growing
polymer chains from forming macromolecular memory.

Conclusions

This work confirms the hypothesis that molecular imprint-
ing via LCP techniques substantially increased the template
loading/capacity and delayed the template release compared
with conventional free-radical polymerization methodologies.
This is the first proof and discussion of this phenomenon
within weakly crosslinked structures. Also, this article
presents anti-inflammatory imprinted hydrogels for the first
time, which could be used to develop anti-inflammatory ther-
apeutic contact lenses.

The poly(DEAEM-co-HEMA-co-PEG200DMA)-imprinted
gel had a 140% increase in template loading over that of the
control network, with loading capacities of (0.96 � 0.12 and
2.30 � 0.20) � 10�2 mmol/g. The imprinted gel prepared

Figure 9. Ratio of kt/kp from poly(MAA-co-EGDMA) gel
kinetic analysis.

Recognitive gel (n), control gel (l), and ‘‘living/con-
trolled’’ recognitive gel (~). It is important to note that
both the propagation and termination constant trends
matched literature trends for the copolymer networks.

Figure 8. Termination constants from poly(MAA-co-
EGDMA) gel kinetic analysis.

The termination constant for the poly(MAA-co-EGDMA)
recognitive gel (n), control gel (l), and ‘‘living/controlled’’
recognitive gel (~) shows statistically similar trends.
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via LCP had a 54% increase in template loading capacity
(3.54 � 0.16) � 10�2 mmol/g) compared with the imprinted
gel and a 269% increase compared with the control gel.
Both imprinted gels had �1.5 times higher template binding
affinity than the control gel, which had a template binding
affinity of 9.91 � 0.49 mM�1. Similar trends and numerical
values in capacity and percent increase in capacity were
achieved with the poly(MAA-co-EGDMA) system. Template
diffusion coefficients for the control gel, imprinted gel, and
the imprinted gel prepared via LCP were 6.37 � 1.02 �
10�9 cm2/s, 3.20 � 0.48 � 10�9 cm2/s, and 1.49 � 0.33 �
10�9 cm2/s, respectively. The imprinted gel and imprinted
gel prepared via LCP release profiles were less Fickian and
moved closer toward zero-order release.

Reaction analysis confirmed that these results were not
due to differences in double bond monomer conversion or
incorporation of different amounts of functional monomer
within the networks. Analysis of the reaction kinetics indi-
cated that LCP with reversible termination events specifi-
cally increases the chemically controlled chain propagation
mechanism, and that binding sites are formed during this
phase of the polymerization. This allowed more effective
macromolecular memory because of additional time to reach
a lower energy conformation. Comparing both systems, it
was clear that imprinting plays an important role in the delay
of template transport from the network. Comparing poly
(DEAEM-co-HEMA-co-PEG200DMA)- and poly(MAA-co-
EGDMA)- imprinted gels prepared via LCP, there was a
6.6-fold increase in template affinity with a 4.9-fold decrease
in template transport for the poly(DEAEM-co-HEMA-co-
PEG200DMA)-imprinted gel with a five times higher mesh
size/template hydrodynamic ratio. Therefore, imprinting LCP
techniques have tremendous potential for the design, engi-
neering, and enhancement of weakly crosslinked networks as
advanced drug delivery carriers.
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