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a b s t r a c t

Controlled release of drugs and other cargo from hydrogels has been an important target for the
development of next generation therapies. Despite the increasingly strong focus in this area of research,
very little of the published literature has sought to develop a fundamental understanding of the role of
molecular parameters in determining the mechanism and rate of cargo release. Herein, a series of
physically crosslinked hydrogels have been prepared utilizing host-guest binding interactions of cucurbit
[8]uril that are identical in strength (plateau modulus), concentration and structure, yet exhibit varying
network dynamics on account of the use of different guests for supramolecular crosslinking. The diffu-
sion of molecular cargo through the hydrogel matrix and the release characteristics from these hydrogels
were investigated. It was determined that the release processes of the hydrogels could be directly
correlated with the dynamics of the physical interactions responsible for crosslinking and corresponding
time-dependent mesh size. These observations highlight that network dynamics play an indispensable
role in determining the release mechanism of therapeutic cargo from a hydrogel, identifying that fine-
tuning of the release characteristics can be gained through rational design of the molecular processes
responsible for crosslinking in the carrier hydrogels.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Hydrogels are an important class of biomaterial that have
received much attention for controlled drug-delivery applications
on account of their similarity to soft biological tissue and highly
variable mechanical properties [1e6]. Modeling of the controlled
release of drugs and other cargo from these polymeric devices has
been a subject of considerable research and many reviews have
been published to address the principles of modelling diffusional
release [7e9]. Many models in the past have focused on Fickian
diffusion [10] however, Peppas and coworkers [11e13], have
derived an important and exceedingly simple exponential rela-
tionship to describe the general release behavior of cargo from a
controlled release polymeric device:

Mt

M∞
¼ ktn (1)

The equation relates both a release constant (k) and a diffusional
exponent (n), which is characteristic of the release mechanism.
.

While pure Fickian diffusion from such a polymeric device yields an
n value of 0.50, values above this limit occur in systems that display
some amount of anomalous release. Indeed, greater deviation from
n¼ 0.50 signifies a greater contribution of anomalous release to the
overall release mechanism. This equation has been applied in a
wide variety of instances to describe drug-delivery phenomena
including pH-swellable devices [14] and highly swellable polymers
[15].

Although the work by Peppas et al. focused primarily on
chemically crosslinked hydrogels, the simple mathematical rela-
tionship has been utilized in describing delivery of cargo from a
wide variety of physically crosslinked hydrogels [4,16e18]. Physical
crosslinking arises from entanglements between macromolecular
species where specific and dynamic non-covalent interactions are
used as the structural crosslinks between polymer chains, thereby
coupling many of the exceptional qualities of polymer-based
hydrogels with the diversity and orthogonality of supramolecular
chemistry [19e22]. These hydrogels are particularly interesting on
account of their dynamic nature, which can be regarded as an ad-
vantageous characteristic as it is the basis for both shear-thinning
(viscous flow under shear stress) and self-healing (recovery after
network damage) properties, two desirable characteristics for a
variety of important applications [6,23,24]. These types of materials
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Fig. 1. Schematic representation of the preparation of dynamically crosslinked hydrogels utilizing cucurbit[8]uril host-guest chemistry. Physical crosslink dynamics, arising from the
CB[8] ternary complex, play an important role in determining the release mechanism (a combination of erosion-based and Fickian diffusional release) of a model drug from the
materials.
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have displayed exceptional utility within the field of biomedicine,
in part on account of the fact that they do not require surgical
procedures since they can be pre-formed ex vivo and then delivered
in a minimally invasive manner in vivo by applying shear stress
when injected through a syringe. This method for implantation has
been demonstrated to provide a more uniform distribution of cells
or other therapeutic cargo in the injected gel [25] and greater
control over placement of the material in vivo [26].

The release characteristics of cargo from these physically
crosslinked materials, however, is conceivably more complex than
chemically crosslinkedmaterials on account of their ability to erode
from the surface, thereby giving rise to a different mechanism for
anomalous release from the device. In these systems, therefore, the
diffusional exponent (n) can be utilized to characterize the contri-
bution of erosion to the overall release profile of the cargo. More-
over, it is well known that the physical characteristics of such
hydrogels, including their erosion behavior and rheology, arise
from a combination of two fundamental characteristics: (a) su-
pramolecular interactions responsible for the dynamic crosslinking
and (b) conventional polymer physics describing polymer in-
teractions within the material [2,3]. Elucidation of the role of the
fundamental parameters of supramolecular crosslinking in deter-
mining the macroscopic behavior of these materials has only
recently been achieved [27e29]. As an enormous array of supra-
molecular units have been utilized in the preparation of physically
crosslinked materials over the past two decades, the ability to
discern their specific role in determining the controlled release
behavior from these polymeric devices is paramount for designing
the next generation of such systems.

Our laboratory has previously demonstrated the preparation of
physically crosslinked hydrogels based on the strong and highly
specific hetero-ternary complex formation of the macrocyclic host
cucurbit[8]uril (CB[8]) [30e33]. Cucurbit[n]uril (n¼ 5e8, 10; CB[n])
are a family of macrocyclic host molecules that are oligomers of
glycoluril, which exhibit a symmetric ‘barrel’ shape with two iden-
tical portal regions lacedbyureido-carbonyl oxygens. Thenumberof
glycoluril units determines the size of the cucurbituril cavity
without affecting the height of the molecular container (approxi-
mately 0.9 nm), similar to the cyclodextrin (CD) family. While
smaller homologs of the CB[n] family (i.e. CB[5], CB[6] and CB[7]) are
capable of binding single guests (typically cationic amines, metal or
imidazolium ions) [34e37], CB[8] has a larger cavity volume and can
simultaneously accommodate two guests (Fig. 1) [38]. An electron-
deficient first guest, such as methyl viologen (MV), and an
electron-rich second guest, typically flat aromatic compounds such
as naphthyl derivatives, form a stable 1:1:1 ternary complexwith CB
[8] through multiple non-covalent interactions acting synergisti-
cally, resulting in exceptionally high equilibrium binding affinities
(Kequp to 1014 M

�2) [39]. This motif has been utilized previously in
the preparation of supramolecular polymeric hydrogels [30e33]
and other crosslinked polymeric materials [40] using naphthalene
derivatives as the electron-rich second guest. Recently, we have
developed a series of ternary complexes whereby the binding of the
second-guestmoieties displaya rangeof associative anddissociative
rate constants (kaand kd, respectively) and activation energies for
the associative and dissociative processes (Eaaand Ead, respectively)
while exhibiting identical thermodynamic equilibrium constants
(Keq) [29]. Utilizing these guests for the preparation of physically
crosslinked hydrogels has given rise to a series of materials with
identical plateau storage moduli (G0; on account their identical Keq

values) and structure, yet exhibiting varying network dynamics on
account of the different molecular kinetics governing supramolec-
ular crosslinking [29]. The varying dynamics of the second-guest
binding, therefore, yield physical crosslinks with varying lifetimes
arising from the differences in the energy required to convert an
‘active’ (bound) crosslink to and ‘inactive’ (un-bound) species.

Herein, we report the encapsulation and in vitro release of
Rhodamine-B by these hydrogels (Fig. 1). Rhodamine-B is a
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common water-soluble imaging agent used in microscopy, flow
cytometry and ELISA, among others, and is used here as a simple
model cargo. These studies are aimed at discovering the effect of
themolecular dynamics of the physical crosslinking of hydrogels on
the release characteristics of molecular cargo.

2. Experimental methods

2.1. Materials and methods

1H NMR (400 MHz) spectra were recorded using a Bruker Avance QNP 400.
Chemical shifts are recorded in ppm (d) in CDCl3 with the internal reference set to
d¼ 7.26 ppm .13C NMR (125MHz) spectra were recorded using a Bruker Avance QNP
400. Chemical shifts are recorded in ppm (d) in CDCl3 with the internal reference set
to d ¼ 77.16 ppm. ATR FT-IR spectroscopy was performed using a PerkineElmer
Spectrum 100 series FT-IR spectrometer equipped with a universal ATR sampling
accessory. UV-VIS studies were performed on a Varian Cary 4000 UV-Vis spectro-
photometer. Gel permeation chromatography (GPC) was carried out in tetrahydro-
furan (THF) on two Jordi divinylbenzene columns connected in series with a
Shimadzu SPD-M20A prominence photodiode array detector, Optilab refractive in-
dex detector and MALLS detector (both Wyatt). Samples were filtered over 0.2 mm
PTFE filters before injection using a 1.0 mL/min flow rate. Molecular weights and
polydispersities were determined using analysis of the MALLS and refractive index
data using ASTRA software by Wyatt.

Rheological characterization was performed using a TA Instruments DHR2
controlled stress rheometer fitted with a peltier stage set to 37 �C. Dynamic oscil-
latory strain amplitude sweep measurements were conducted at a frequency of
10 rad/s. Dynamic oscillatory frequency sweep measurements were conducted at a
10% strain amplitude. All measurements were performed using a 40 mm parallel
plate geometry with a gap of 0.500 mm and analyzed using TA Instruments TRIOS
software.

Poly(StMV-r-StAm) [30], cucurbit[8]uril [38], and 2-((((2-carboxyethyl)thio)
carbonothioyl)thio)-2-methylpropanoic acid (CECMP) [41] were prepared according
to literature procedures. All other materials were purchased from Aldrich and used
as received.

2.2. Synthesis of functional polymers

2.2.1. Synthesis of 2-isocyanato-3-methoxydibenzo[b,d]furan (DBF-NCO)
A stirred solution of 2-amino-3-methoxydibenzo[b,d]furan (3.6 g, 17 mmol) and

triethylamine (3.2 mL, 25 mmol) in 150 mL anhydrous DCM was cooled in an ice-
bath, and triphosgene (5.5 g, 19 mmol) was added in several portions. The ice-
bath was removed after 1 h and the mixture was stirred at room temperature for
24 h. Purification was achieved by flash chromatography on silica with DCM to yield
the title compound (3.5 g, 16 mmol, 87%) as an off-white solid. 1H NMR (400 MHz,
CDCl3): d ¼ 7.91 (d, 1H, 7.7 Hz), 7.58 (d, 1H, 8.3 Hz), 7.50e7.45 (m, 1H), 7.40e7.36 (m,
2H), 7.25 (s, 1H), 4.08 (s, 3H) ppm. 13C NMR (125MHz, CDCl3): d¼ 156.8, 150.2, 130.8,
126.8, 124.2, 123.6, 122.7, 121.3, 120.1, 111.7, 107.1, 101.5, 56.51 ppm. FT-IR:
~n ¼ 2228 cm�1 (eNCO).

2.2.2. Synthesis of 1-pyrene isocyanate (Pyr-NCO)
1-Pyrene isocyanate was synthesized from 1-pyrene amine in analogy to the

above described procedure for DBF-NCO to yield the title compound (1.2 g, 5 mmol,
80%) as a pale green solid. 1H NMR (400 MHz, CDCl3): d ¼ 8.20e8.13 (m, 3H),
8.06e7.93 (m, 5H), 7.70 (d, 1H, 8.1 Hz) ppm. 13C NMR (125 MHz, CDCl3): d ¼ 129.3,
129.1, 127.2, 126.4, 125.4, 125.0, 124.8, 124.5, 123.6, 123.4, 123.3, 123.2, 122.3, 121.2,
119.8 ppm. FTIR: ~n ¼ 2249 cm�1 (eNCO).

2.2.3. Synthesis of PDMAm-Pyr
PYR-NCO (1.0 g, 4.1 mmol) and N-hydroxyethylacrylamide (0.47 g, 4.1 mmol)

was dissolved in DCM (15 mL) and 3 drops of triethylamine was added and the
mixture stirred at room temperature for 16 h. A precipitate formed and was filtered
off to yield pyrene functional acrylamide monomer (PyrAm) as a white solid (1.45 g,
98%) andwas usedwithout further purification. PyrAm (0.75 g, 2.1mmol, target [M]/
[I] ¼ 25), N,N-dimethylacrylamide (3.92 g, 39.5 mmol, target [M]/[I] ¼ 475), CECMP
(22.3 mg, 83.1 mmol) and ACPA (4.7 mg, 16.6 mmol) were dissolved in DMSO (20 mL)
and the reaction mixture was degassed by bubbling N2 for 30 min before heating to
70 �C for 12 h. The reactionmixture was then cooled to room temperature in awater
bath and the polymer purified by precipitation from cold diethyl ether to yield the
title compound as a yellowish amorphous solid (4.5 g, 96%). 1H NMR (400 MHz,
CDCl3): d ¼ 9.17e9.10 (52H, NH), 8.30e7.30 (225H, PyrH), 4.55e4.45 (52H,
eNHCOOeCH2e), 4.00e1.30 (4530H, polymer backbone and eCON(CH3)e), 1.25
(6H, HOOCeC(CH3)2e) ppm. GPC (THF): Mn (PDI) ¼ 11.0 kDa (1.19).

2.2.4. Synthesis of PDMAm-DBF
DBF-NCO (1.0 g, 4.2 mmol) and N-hydroxyethylacrylamide (0.48 g, 4.2 mmol)

was dissolved in DCM (15 mL) and 3 drops of triethylamine was added and the
mixture stirred at room temperature for 16 h. A precipitate formed and was filtered
off to produce dibenzofuran functional acrylamide monomer (DBFAm) as a white
solid (1.45 g, 98%) and was used without further purification. DBFAm (0.74 g,
2.1 mmol, target [M]/[I] ¼ 25), N,N-dimethylacrylamide (3.92 g, 39.5 mmol, target
[M]/[I] ¼ 475), CECMP (22.3 mg, 83.1 mmol) and ACPA (4.7 mg, 16.6 mmol) were
dissolved in DMSO (20 mL) and the reaction mixture was degassed by bubbling N2

for 30 min before heating to 70 �C for 12 h. The reaction mixture was then cooled to
room temperature in a water bath and the polymer purified by precipitation from
cold diethyl ether to yield the title compound as an off-white amorphous solid (4.5 g,
98%). 1H NMR (400 MHz, CDCl3): d ¼ 9.17e9.10 (52H, NH), 8.30e7.30 (153H, DBFH),
4.55e4.45 (52H, eNHCOOeCH2e), 4.00e1.30 (4580H, polymer backbone and DBF-
O-CH3 and eCON(CH3)e), 1.25 (6H, HOOCeC(CH3)2e) ppm. GPC (THF): Mn

(PDI) ¼ 11.7 kDa (1.19).

2.2.5. Synthesis of PDMAm-Np
NP-NCO (commercially available,1.0 g, 5.9mmol) andN-hydroxyethylacrylamide

(0.68 g, 5.9 mmol) was dissolved in DCM (15 mL) and 3 drops of triethylamine was
addedand themixture stirredat roomtemperature for 16h. The reactionmixturewas
then run through a short plug of silica gel and the solvent was removed under vac-
uum, yielding naphthalene functional acrylamidemonomer (NpAm) as awhite solid
(1.61 g, 96%), which was used without further purification. NpAm (0.59 g, 2.1 mmol,
target [M]/[I]¼25),N,N-dimethylacrylamide (3.92 g, 39.5mmol, target [M]/[I]¼475),
CECMP (22.3 mg, 83.1 mmol) and ACPA (4.7 mg, 16.6 mmol) were dissolved in DMSO
(20 mL) and the reaction mixture was degassed by bubbling N2 for 30 min before
heating to 70 �C for 12 h. The reactionmixturewas then cooled to room temperature
in a water bath and the polymer purified by precipitation from cold diethyl ether to
yield the title compound as awhite amorphous solid (4.3 g, 95%). 1H NMR (400MHz,
CDCl3): d ¼ 9.17e9.10 (52H, NH), 8.30e7.30 (179H, NpH), 4.55e4.45 (52H,
eNHCOOeCH2e), 4.00e1.30 (4500H, polymer backbone andeCON(CH3)e),1.25 (6H,
HOOCeC(CH3)2e) ppm. GPC (THF): Mn (PDI) ¼ 12.0 kDa (1.20).

2.3. General preparation of self-assembled hydrogels

Hydrogels were prepared by first dissolving PDMAm-G2 (13 mg) in water
(0.5 mL) with stirring. StAm-StMV (15 mg) and CB[8] (10 mg) were then dissolved in
water (0.5 mL) with the aid of some sonication (less than 5 min). The solutions were
then added together, heated with a heat gun, and mixed vigorously with vortex for
approximately 10 s for hydrogel formation.

2.4. Release studies from hydrogels

Hydrogels were prepared asmentioned above using Rhodamine-B dye (0.01mg/
mL) solutions instead of pure water resulting in a final Rhodamine-B dye concen-
tration of 0.01 mg/mL in the hydrogels. In a typical example, 1.0 mL of dye loaded
hydrogel was prepared in a sample vial (standard 0.5 dram vials). Water (2.0 mL)
was then added on top of the hydrogel. The aqueous solutions were replaced with
fresh ones at predetermined time intervals, and the experiments were performed in
triplicate. The collected aqueous solutions were analyzed for dye concentration
based on a calibration curve prepared using Rhodamine-B absorbance at 554 nm.
The samples were then lyophilized and analyzed for polymer concentration.

3. Results and discussion

3.1. Functional polymeric building blocks

Radical polymerization techniques were utilized in the prepa-
ration of multivalent side-chain functional polymer building blocks
bearing either viologen (MV) or second guest (G2) derivatives. A
styrenic monomer bearing an MV moiety (StMV) was readily syn-
thesized on a large scale from 4-vinylbenzylchloride and methyl
bipyridine in high yields (>85%). (Vinylbenzyl)trimethylammonium
chloride (StAm) was chosen as a styrenic comonomer in order to
ensure a random distribution of the guest moieties along the
polymer chains. An MV-functional copolymer was then synthe-
sized by traditional ‘uncontrolled’ free radical polymerization
following a method reported in the literature (Fig. 2b) [30]. This
copolymer (StAm-r-StMV) was prepared with 5% molar loading of
functional styrenic StMV according to 1H NMR spectroscopic
characterization.

For the preparation of second-guest functional copolymers,
pyrenyl (PYR), dibenzofuranyl (DBF), and naphthyl (NP) guests
were functionalized with isocyanates [42] and conjugated to N-
hydroxyethylacrylamide monomers. These guests were chosen as
they display a range of associative and dissociative rate constants
(kaand kd, respectively) and corresponding activation energies of
association and dissociation (Eaaand Ead, respectively) while



Table 1
Preparation of second guest functional PDMAm-G2 polymers used in this study.

Guest Guesttheo (%) Guestexp (%)a Mn (kDa)a Mn (kDa)b PDIb

NP 5.0 5.0 52.2 12.0 1.20
DBF 5.0 5.0 53.1 11.7 1.19
PYR 5.0 5.0 54.5 11.0 1.19

a Determined by 1H NMR.
b Determined by H2O GPC.
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exhibiting identical thermodynamic equilibrium constants (Keq)
[29]. These guest functional acrylamide monomers (G2Am)
allowed for facile copolymerization with N,N-dimethylacrylamide
comonomers yielding non-ionic, water-soluble polymers. Revers-
ible addition-fragmentation chain transfer (RAFT) polymerization
was used for the preparation of several multivalent, second-guest
functional copolymers with a well known trithiocarbonate-based
chain transfer agent (CTA) 2-((((2-carboxyethyl)thio)carbon-
othioyl)thio)-2-methylpropanoic acid (CECMP) [41] using standard
RAFT conditions in DMSO (Fig. 2a). CECMP was used as it success-
fully mediates the polymerization of a wide variety of monomers
(styrenics, (meth)acrylates, and (meth)acrylamides) in a variety of
solvent conditions with high control over molecular weight and
yielding low polydispersities (PDI) [41]. A series of copolymers of
equivalent molecular weight and polydispersity were prepared
bearing 5% loading of the second-guest functional monomers
(PDMAm-G2; Table 1). 1H NMR analysis verified that the targeted
loading of functional monomer and overall molecular weight was
achieved by comparing resonances arising from the aryl moieties of
the guests, the methyl groups from the DMA comonomer, and from
the methylene in the a-position relative to the trithiocarbonate
end-group retained in the final polymers. GPC analysis of these
polymers demonstrated that an exact overlay existed with both
refractive index and UV-vis detectors, demonstrating that each
polymer bears both second-guestmoieties and the trithiocarbonate
from the RAFT CTA.
3.2. Dynamically crosslinked hydrogels

These various guests have been utilized to prepare a series of
physically crosslinked materials exhibiting identical plateau storage
moduli (G0; on account their identical Keq values), yet varying
network dynamics arising from differences in themolecular kinetics
governing formation of the ternary complex (vide infra). Hydrogels
were prepared by simply mixing aqueous solutions of the first guest
functional polymer P(StAm-StMV) and a second guest functional
polymer P(DMAm-G2) in the presence of CB[8]. A series of hydrogels
containing identical polymer loadingwereprepared, differingonly in
the second guest used, and therefore the fundamental parameters
governing crosslinking. Oscillatory rheological characterization of
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evident fromFig. 4b that the rate constant krelease of the releaseprofile
is hydrogel dependent, and therefore dependent on the crosslink
dynamics, while the diffusional coefficient n is not. Pure Fickian
diffusional release, as mentioned previously, is described by a diffu-
sional coefficient of n ¼ 0.5, with n > 0.5 revealing a greater contri-
bution of erosion to the overall release profile. These materials,
therefore, exhibit almost pure Fickian diffusional release, and the
insensitivity of the diffusional coefficient to crosslink dynamics in this
particular series is likely on account of the high diffusional release
rates relative to the rate of erosion of the hydrogels (vide infra).

Higher release constants (krelease) are observed for the samples
with smaller Ead values and faster crosslink kinetics, highlighting
that more rapid crosslink dynamics allow for faster diffusional
release (Table 2 and Fig. 5a). These observations can be understood
by considering that when the energetic barrier to crosslink disso-
ciation is higher (i.e.when PYR is used as a crosslinkingmoiety), the
lifetime of the crosslinks is longer and therefore diffusion of the
solute through the polymeric material is slower. This phenomena is
likely on account of the fact that the small polymeric mesh struc-
ture of these materials (approximately 10 Å) [29] is more static and
therefore the ‘gates’ (i.e. the polymer mesh) can be seen as being
‘closed’ to cargo diffusion and release. Alternatively, when a smaller
barrier to physical crosslink dissociation exists, as in the case of NP,
the cargo is permitted to diffuse more rapidly through the network
on account of the ‘gates’ being ‘open’ more often.
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Diffusion rates can be determined from the fractional release at
short timescales (up to 60% released) with the highly useful
approximation shown below,

Mt

M∞
¼ �

1� exp
�� kðDt=LÞa��1b (2)

where k, a, and b are empirically determined constants that are ge-
ometry specific [43]. Diffusion coefficients (D) are plotted against the
dissociative activation energy of the dynamic crosslinks in Fig. 5b. An
upper limit of the diffusion coefficient of the model drug in this
polymericsystemcanbeestimatedusing theStokes-Einsteinequation
from thehypothetical casewhere there isno crosslinkingbetween the
polymer chains (i.e. the solute is diffusing through a polymer solution
and Ead/ 0). According to the Stokes-Einstein equation,

D ¼ kBT
6phr

(3)

where kB is Boltzmann's constant, T is the absolute temperature, h
is the solution viscosity, and r is the solute radius of gyration
(Rg ¼ 7.8 Å) [44]. Moreover, a lower limit of the solute diffusion
coefficient can be estimated according to standard theories
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kinetics of a model drug compound demonstrating the dependence of the release rate
on the network dynamics of the supramolecular hydrogels. Error bars represent one
standard deviation (n ¼ 3).



Table 2
Release characteristics of model cargo from supramolecular polymeric hydrogels.a

Guest Ead (kJ/mol)b krelease (%/h)c nc kerosion (h�1)d

NP 30 ± 2 48 ± 1.1 0.53 ± 0.03 3.7 ± 0.5
DBF 54 ± 2 42 ± 0.9 0.53 ± 0.01 3.3 ± 0.5
PYR 89 ± 3 38 ± 0.9 0.53 ± 0.04 2.4 ± 0.6

a Error values represent one standard deviation.
b Determined previously using stopped-flow spectrofluorometric assays [29].
c Determined by fitting the release data of Rhodamine-B dye from hydrogels

utilizing the RitgerePeppas equation.
d Determined by fitting the erosion data with a single exponential decay function.
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Fig. 6. Schematic representation of the impact of the lifetime of the dynamic physical
crosslinks on the time-dependent mesh size of the hydrogels.
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developed for covalent hydrogels (i.e. where Ead/∞) using the
mesh size determined previously from SAXS measurements
[10,45]. The materials investigated in this study, therefore, give an
excellent view of the intermediary stages of solute diffusion
through a polymeric matrix with a time-dependent mesh size that
is visualized in Fig. 6.

Additionally, it is evident from Fig. 7 that a lower energetic
barrier to dissociation of the crosslinks (i.e. lower Ead values) yield
faster erosion rates from the polymeric devices than slower cross-
link dynamics. The erosion data was fit to a single exponential
decay function and the resulting rate constant of erosion (kerosion) is
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Fig. 5. a. Release rate of a model drug compound from supramolecular hydrogels
plotted against the dissociative activation energy of the dynamic crosslinks. b. Plot of
the diffusion of the model drug compound through the physically crosslinked
hydrogels demonstrating the limits of diffusion through hydrogels with no crosslinking
(i.e. polymer solution where Ead/ 0) and covalent crosslinking (i.e. Ead/∞). Error
bars represent one standard deviation (n ¼ 3).

1.51

Fig. 7. Plot of the erosion of polymer from the hydrogel demonstrating that slower
kinetics in dynamically crosslinked hydrogels leads to slower erosion.
shown in Table 2. The more rapid dynamics of the NP guest and the
resulting increase in fluid-like behavior (as evidenced by the
rheological characterization shown above), therefore, give rise to
an increased release constant, while simultaneously leading to an
increased erosion rate.

4. Conclusion

A series of physically crosslinked hydrogels have been prepared
utilizing host-guest binding interactions of cucurbit[8]uril. These
hydrogels have identical strength (plateaumodulus), concentration
and structure, yet exhibit varying network dynamics on account of
the use of different guests for supramolecular crosslinking. The
release characteristics of molecular cargo from these hydrogels
were investigated and it was quantitatively determined for the first
time that the release rate constant was directly correlated with the
dynamics of the physical interactions responsible for crosslinking.
Moreover, diffusion coefficients for the model drug through the
hydrogel matrix highlight that these systems do indeed exhibit a
time-dependent mesh size that is bounded by the limiting cases of
no crosslinking (i.e. Ead/ 0) and covalent crosslinking (i.e.
Ead/∞). Crosslink dynamics, therefore, play an indispensable role
in determining the release mechanism of therapeutic cargo from a
hydrogel, demonstrating the importance of understanding the
fundamental molecular processes responsible for crosslinking
when designing such hydrogel-based drug-delivery systems.
Furthermore, this study provides incentive to investigate the
impact of crosslink dynamics on diffusion in other areas of science,
one particularly important example being diffusion through the
natural extracellular matrix (ECM) of various biological tissues.
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