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ABSTRACT: Hydrogels prepared from supramolecular crosslinking motifs are appealing for use as biomaterials and 
drug delivery technologies. The inclusion of macromolecules (e.g., protein therapeutics) in these materials is relevant to 
many of their intended uses. However, the impact of dynamic network crosslinking on macromolecule diffusion must 
be better understood. Here, hydrogel networks with identical topology but disparate crosslink dynamics are explored. 
These materials are prepared from crosslinking with host–guest complexes of the cucurbit[7]uril (CB[7]) macrocycle and 
two guests of different affinity. Rheology confirms differences in bulk material dynamics arising from differences in 
crosslink thermodynamics. Fluorescence recovery after photobleaching (FRAP) provides insight into macromolecule 
diffusion as a function of probe molecular weight and hydrogel network dynamics. Together, both rheology and FRAP 
enable the estimation of mean network mesh size, which is then related to the solute hydrodynamic diameters to further 
understand macromolecule diffusion. Interestingly, the thermodynamics of host–guest crosslinking are correlated with 
a marked deviation from classical diffusion behavior for higher molecular weight probes, yielding solute aggregation in 
high-affinity networks. These studies offer insights into fundamental macromolecular transport phenomena as it relates 
to the association dynamics of supramolecular networks. Translation of these materials from in vitro to in vivo is also 
assessed by bulk release of an encapsulated macromolecule. Contradictory in vitro to in vivo results, with inverse 
relationships in release between the two hydrogels, underscores the caution demanded when translating supramolecular 
biomaterials into application. 
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INTRODUCTION  
Hydrogels have been routinely explored for a variety 
of applications in biomedicine.1–3 An ability to imbue 
aqueous media in amounts many times the mass of 
their dry material constituents affords a highly 
hydrated porosity resembling percolated mesh-like 
structures of the extracellular matrix. Given specific 
relevance in developing nascent drug delivery systems 
and synthetic biomaterials, understanding the 
diffusion behavior of soluble macromolecules through 
hydrogels is of great interest. This property indeed 
dictates the types of therapeutic payloads that can be 
delivered from within a hydrogel, the rate and 
duration of such release, the infiltration of 

physiological entities, and the viability of encapsulated 
cells. The diffusion of macromolecular solutes within 
hydrogels has thus been extensively explored, with 
rich transport phenomena and mathematical models 
derived on the basis of parameters such as mesh size, 
crosslink density, chain or crosslink dynamics, and 
solute hydrodynamic radius.4–6  

Supramolecular chemistry is an area of expanding 
focus in materials design, with many classes of 
materials being demonstrated to prepare hydrogels for 
uses in drug delivery and as biomaterials.7,8 These 
materials are typically prepared from molecular-scale 
recognition motifs that self-assemble to form dynamic 
physical crosslinks giving rise to network formation. 
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In particular, these dynamic materials offer mimics of 
the dynamic nature of living biological materials. 
Crosslinking on the basis of host–guest recognition 
provides a reliable means to prepare supramolecular 
hydrogels for a variety of applications, with the 
underlying affinity and dynamics of the recognition 
motif translating to control over bulk hydrogel 
mechanics.9–11 Both affinity and dynamics may further 
be designed and tuned to respond to assorted stimuli 
relevant for therapeutic use.12 In addition, host–guest 
recognition offers specific utility in creating materials 
that shear-thin and self-heal for injection-centered 
delivery.13 One synthetic macrocycle of interest in 
preparing hydrogels is cucurbit[7]uril (CB[7]), known 

for its ability to bind a variety of guest motifs with a 
wide range of accessible and tunable binding affinities 
(Keq).14–16 CB[7] recognition accounts for the highest 
ever-reported monovalent small molecule binding 
motif, with Keq  values of up to ~1017 M-1 reported.17 As 
Keq is directly related to the association/disassociation 
rates of host–guest complexes, CB[7] enables the 
exploration of crosslinking dynamics over a range 
unattainable by other commonly available 
macrocycles.18,19 Hydrogels prepared via CB[7]–guest 
crosslinking thus afford a useful model system to 
study the impact of crosslink dynamics on emergent 
material properties and functions.  

Figure 1. (a) Schematics and molecular structures of 8-arm PEG macromers used to form hydrogels, including the 
monovalent molecular-scale binding affinities of the various motifs explored. (b) Variable frequency dynamic oscillatory 
rheology at 2% strain displaying the disparate dynamics of CB[7]–guest hydrogels arising from the affinity of the crosslinking 
motif used. (c) Stress relaxation by oscillatory rheology at 2% strain of more dynamic Xyl-based hydrogels and (d) less 
dynamic Ada-based hydrogels at different temperatures. (e) Transition state theory performed via Eyring analysis of stress 
relaxation data at relevant temperatures, wherein koff of each sample is the inverse of τR at G(t)/G0 = e-1, R is the gas constant, 
kB is the Boltzmann constant, and h is the Planck constant. (f) Energy diagram depicting the thermodynamic parameters 
arising from Eyring analysis on the transition state for dynamic crosslinks. (g) Table of thermodynamic parameters governing 
conversion from the bound to transition state (ΔG‡) for Xyl and Ada hydrogels obtained from Eyring analysis. 
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Herein, CB[7]–guest ideal network hydrogels were 
used in order to understand the impact of crosslink 
dynamics on the diffusion and release of model 
macromolecular solutes.18 By mixing 8-arm 
polyethylene glycol (PEG) macromers terminated with 
either CB[7] or a complementary guest of tunable 
affinity, ideal network hydrogels were formed via 
CB[7]–guest physical crosslinking (Fig 1A). Guest 
affinities were selected to form stable hydrogels with 
rheological properties spanning dynamic to quasi-
static states. These materials were characterized 
rheologically to assess thermodynamic complex 
stability before exploring the impact of crosslink 
dynamics and macromolecular solute dimensions on 
diffusion within the networks. Finally, in anticipation 
of using this class of materials for macromolecular 
drug delivery, their release properties were explored 
and compared in vitro and in vivo. 

RESULTS & DISCUSSION  
Hydrogel Preparation. In this work, two hydrogels of 
differing crosslink dynamics were prepared and 
investigated to study the impact of supramolecular 
crosslink dynamics on macromolecular solute 
diffusion and release. These studies leveraged 
previously reported methods for quantitative 
modification of 8-arm PEG macromers with CB[7] and 
its guests.18 Bulk rheological properties were targeted 
to facilitate dynamics on biologically relevant 
timescales, an outcome achieved through selection of 
two distinct guest chemistries for presentation on PEG 
macromers (Fig 1A). The first hydrogel (Xyl) was 
prepared by equimolar mixing of CB[7]–PEG8a with a 
a macromer decorated with terminal complementary 
p-xylylenediamine guest motifs (Xyl-PEG8a) at a total 
macromer concentration of 5 wt%. This Xyl guest has 
a reported molecular-scale affinity for CB[7] of Keq = 1.3 
x 109 M-1.18 The second hydrogel (Ada) was prepared 
instead with equimolar addition of a guest-bearing 
macromer decorated with terminal 1-adamantanol 
(Ada-PEG8a), also at a total macromer concentration of 
5 wt%. This Ada guest has a reported molecular-scale 
affinity for CB[7] of Keq = 2.6 x 1010 M-1.18 It is noted that 
the affinities for both guests were determined on the 
molecular scale in deionized water by competition 1H 
NMR experiments. Host–guest affinity is expected to 
be reduced upon conjugation onto macromers as a 
consequence of a reduced rate of association (kon) as 
well as increased entropic penalty for the association 
of macromers relative to that for small molecules, 

though characterization of such phenomena remains 
in need of more extensive study. 

The affinity of a host–guest interaction is related to its 
dynamics of association and dissociation as follows: 

     !"# ≅ 	 &'(&'))
                            (1) 

where the binding affinity (Keq) is approximated by the 
ratio of the association rate (kon) to the dissociation rate 
(koff). It is known for physical crosslinking of hydrogels 
that network dynamics, and specifically the relaxation 
time (τR), are inversely related to koff (τR ≈ 1/koff), which 
can be approximated from the crossover point (ωc) of 
the storage modulus (G’) and the loss modulus (G’’) in 
a variable frequency oscillatory rheology experiment.20 
First, a strain sweep was conducted at 10 rad/s in order 
to verify the linear viscoelastic region of these 
materials (Fig S1); from these results, a variable 
frequency study was performed at 2% strain as this 
was well within the linear viscoelastic region for both 
Xyl and Ada hydrogels. Differences in crosslink 
dynamics were indeed evident in oscillatory rheology, 
consistent with expectations based on the differences 
in Keq of the underlying CB[7]–guest interactions. 
Frequency sweeps (Fig 1B) performed on the Xyl 
hydrogel featured a G’/G’’ crossover of ωc = 4.82 rad/s, 
corresponding to τR ≈ 1.3 s; the Ada hydrogel had 
sufficiently slow dynamics to not enable an observable 
crossover point. Instead, Ada demonstrated 
frequency-independent behavior typically seen for 
static covalent networks. It is noted that ωc in the Xyl 
hydrogel is ~1 order of magnitude higher than was 
previously reported for this same material.18 This effect 
is hypothesized to arise from the present studies being 
performed in phosphate buffered saline, versus 
deionized water used previously. It is known that 
physiologically relevant salt concentrations alter the 
affinity and dynamics for certain CB[7]–guest pairs 
arising from competition of cations binding at the 
CB[7] portal.21,22 Accordingly, the more dynamic 
behavior observed here for Xyl hydrogels in PBS is 
likely attributable to competition from a higher 
concentration of dissolved ions along with a reduced 
Debye length altering the electrostatic stabilizing 
forces for CB[7] in complex with the protonated 
primary and secondary amino groups of the Xyl guest. 
As neither the current or prior studies observed a 
crossover for the Ada hydrogel, it is not possible to 
determine from the frequency sweep if Ada hydrogel 
network dynamics are similarly impacted by the 
presence of salt, though the lack of protonating sites on 
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the Ada guest may indeed render it more resistant to 
elevated salt concentration. 

Network Thermodynamics. With Xyl and Ada 
hydrogels prepared and validated using rheology to 
span the range of dynamic to quasi-static states, the 
thermodynamics of hydrogel network bonding were 
next evaluated according to principles of Transition 
State Theory.23 Rheological stress relaxation 
experiments across a range of temperatures further 
emphasized the differences in bulk material dynamics 
arising from tunable crosslink affinity (Fig 1C-1D). By 
this method, Xyl hydrogels exhibited an exponential 
profile of stress relaxation (τR at G(t)/G0 = e-1) on the 
scale of seconds compared to a scale of hours for the 
less dynamic Ada hydrogels. Experiments for Ada 
hydrogels were truncated due to the long timescale 
required to observe the full exponential decay and 
confounding solvent evaporation entailed therein. 
Stress relaxation from these temperature-dependent 
studies can be evaluated with respect to temperature 

using Eyring analysis in order to quantify 
thermodynamic properties that dictate the process of 
exchanging from a bound to a transition complex (ΔG‡) 
(Fig 1E-F). A comparison of these thermodynamic 
properties enables differences between Xyl and Ada to 
be clearly observed (Fig 1G). In particular, these results 
describe a significantly larger energy barrier for 
disassembly of the host–guest complexes in Ada 
hydrogels (ΔG‡ = 99.6 kJ/mol) compared to the same 
transition for Xyl hydrogels (71.2 kJ/mol). Eyring 
analysis further informs the relative enthalpic and 
entropic contributions of this energy barrier. Notably, 
Xyl offered a more favorable enthalpy of CB[7] binding 
compared to Ada, anticipated due to electrostatic 
association between the protonated Xyl amines and the 
electronegative carbonyl portals of CB[7] that stabilize 
their complexation.24–26 The increased energy barrier 
for Ada crosslink reorganization instead arises from 
primarily entropic effects, in which the more 
hydrophobic adamantanol moiety is expected to have 
favorable binding entropy due to hydrating water 

Figure 2. (a) Fluorescence recovery after photobleaching (FRAP) data for normalized ROI fluorescence of free (PBS) vs. Xyl-
encapsulated FITC-dextran probes, showing an average of 3 experiments per trace. (b) Select representative images of 
hydrogels immediately following photobleaching, t0, and at the study endpoint, tf, with the scale bar shown applicable to all images. 
(c) Table displaying (left) applicable models of calculating mean mesh size of the hydrogel and (right) calculated hydrodynamic 
diameters of FITC-dextran macromolecule solutes. Models adapted according to references listed in superscript (refs 33–37). 
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molecules being released into bulk solvent upon 
complexation, while the more hydrophilic Xyl pays 
some entropic penalty during the process of binding 
CB[7].12,27 Favorable Ada binding may also arise from 
restricted dissociation kinetics, theorized to result from 
the steric bulk of adamantane deforming the slightly 
narrower CB[7] portals.14,17,28,29 Ultimately, these results 
support the extension of underlying binding affinity 
and dynamics for CB[7]–guest motifs to the 
thermodynamics of crosslinking in supramolecular 
hydrogels. Specifically, these results indicate that Ada 
hydrogel crosslinking is not only less dynamic, but 
that this motif is subject to a larger thermodynamic, 
and specifically entropic, driving force favoring 
complexation. 

Macromolecular Solute Diffusion. To explore the 
effect of dynamic crosslinking on diffusion of 
macromolecular solutes within these supramolecular 
hydrogels, a series of dilute FITC-dextran probes of 
different molecular weight (20, 70, 150, and 250 kDa) 
were encapsulated within Xyl hydrogels. The Xyl 
hydrogels were again prepared at 5 wt% in PBS with 
1:1 stoichiometry between CB[7] and Xyl moieties. 
After equilibrating at room temperature, diffusion of 
the fluorescent macromolecular solutes was 
characterized using fluorescence recovery after 
photobleaching (FRAP).30 Within the fluorescent field 
of view, a circular region of interest (ROI) was 
photobleached. The recovery of fluorescence within 
the ROI arises both from diffusion of photobleached 
probes out of the ROI and diffusion of fluorescently 
active probes into the ROI. This recovery in 
fluorescence signal within the ROI over time was 
quantified by image analysis (Fig 2A-2B). The recovery 
of fluorescence can then be used to calculate the rate of 
diffusion (Dr) by the simplified model: 

*+ = 0.224	 +123/1
        (2) 

where r is the radius of the photobleached ROI and τ1/2 
is the characteristic time to 50% recovery of initial ROI 
fluorescence intensity.31 Rates of diffusion for FITC-
dextran macromolecules dissolved in PBS are 
inversely related to the molecular weight of the probes, 
in agreement with the Stokes-Einstein model that 
predicts larger solutes to diffuse more slowly in 
solution.32 When encapsulated within Xyl hydrogels, 
FITC-dextran probes diffused more slowly than in free 
solution across all molecular weights, with larger 
molecular weight probes experiencing larger relative 
reductions in their diffusion rates (Fig 2A). For 

instance, the diffusion of the Xyl-encapsulated 20 kDa 
probe (Dr = 15.6 µm2/s) compared to the free 20 kDa 
probe (Dr = 25.3 µm2/s) supported a ~38% reduction in 
the rate of diffusion (D/D0 = 0.62). Meanwhile, the same 
comparison for the Xyl-encapsulated 250 kDa probe 
(Dr = 2.1 µm2/s) compared to the free probe (Dr = 10.8 
µm2/s) resulted in a ~81% reduction in the rate of 
diffusion (D/D0 = 0.19).  

The mesh size (ξ) of the hydrogels was hypothesized 
to dictate size-dependent differences in the diffusion of 
encapsulated macromolecular solutes. In order to 
estimate mean ξ values for these materials, a number 
of models were used based on both rheological and 
FRAP results (Fig. 2C).33–37 The mean ξ of both Xyl and 
Ada ideal network hydrogels are expected to be 
roughly identical in the fully bound conformation as a 
consequence of conserved topology of their PEG 
macromer building blocks. Differences in the 
estimated ξ values do arise based on the underlying 
assumptions of the mathematical models used. The 
rheology-based calculation (Model #1), derived from 
covalent ideal networks, was applied to the Ada 
hydrogel data given its demonstration of frequency-
independent G’ behavior and a robust plateau 
modulus, yielding a mean mesh size of ξ1 = 12.5 ± 0.28 
nm. However, as this model was developed for 
covalently crosslinked hydrogels it may be expected to 
overestimate ξ for a dynamically crosslinked material 
as not all bonds are maximally formed at any given 
instance in time. Rheology-based pore size estimation 
was not applied to the Xyl hydrogels as the plateau 
region for G’ remained outside the experimental 
frequency range. Instead, various FRAP-based models 
were applied to data for FITC-dextran encapsulated 
within Xyl hydrogels, yielding mean mesh size 
estimates of ξ2 = 11.0 ± 2.91 nm, ξ3 = 9.53 ± 0.90 nm, and 
ξ4 = 6.13 ± 0.93 nm, with subscripts denoting the 
particular model used (Fig 2C). Of these FRAP-based 
models, differences in underlying assumptions 
account for the variation in estimated pore diameters. 
Notably, Model #2 arises from an Obstruction Model, 
relating probe diffusivity to relative sizes of solvated 
PEG fibers, fluorescent probes, and network pores, yet 
has reduced accuracy as solutes become significantly 
smaller than the mean mesh size.34 Model #3 
incorporates all of these relationships while also 
considering macromer molecular weight, connectivity, 
bulk density, and polymer volume fraction.35 
Unfortunately, polymer volume fraction 
determination often relies on gel swelling experiments 
that remain challenging for supramolecular materials 
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vulnerable to erosion under bulk dilution. Model #4 is 
the only model originally derived for a supramolecular 
system, but a system with a markedly larger pore size 
and operating on a potentially distinct scale.36 Viewed 
holistically, Model #2 is likely the most relevant 
estimate of our specific system, though as with the 
rheology model may also constitute a slight 
overestimate given dynamically associating network 
crosslinks.  

Next, the hydrodynamic diameters (dh) of FITC-
dextran probes were calculated using a model 
optimized to fit the size of various molecular weight 
dextrans used in a variety of previous reports (Fig. 
2C).37 Comparing estimated pore sizes to the calculated 
hydrodynamic diameters (dh) of the FITC-dextran 
probes used here supports the selection of these 
macromolecule solutes to span an appropriate range, 
wherein some solutes can traverse through the mean ξ 
of the hydrogel (i.e., 20 and 70 kDa) while other solutes 
are too large to freely diffuse through the hydrogel 
porosity (i.e., 150 and 250 kDa).  

Diffusion In Different Dynamic States. 
Macromolecular size-dependent differences, wherein 

some solutes readily diffuse within the hydrogel pore 
while larger solutes are effectively excluded from 
traversing the porosity, was next explored for 
comparison between dynamic Xyl hydrogels and 
quasi-static Ada hydrogels. For solutes sized near or 
above estimates for ξ, transport through the hydrogel 
was expected to occur concomitant with dynamic bond 
exchange due to steric limitations in passive transport 
through the hydrogel porosity. With the decreased 
dynamics of crosslinking, the Ada hydrogel would 
thus be expected to reduce solute transport relative to 
the more dynamic Xyl hydrogel given more frequent 
exchange of bonds in this more dynamic network. 
However, FRAP studies yielded somewhat surprising 
results (Fig 3A). For example, the 70 kDa probe 
conformed to preliminary expectations for the 
dependence on network dynamics, with diffusion and 
fluorescence recovery occurring more rapidly in Xyl 
hydrogels. Interestingly, the opposite trend was 
observed for the larger 250 kDa probe, which instead 
had more rapid diffusion and recovery observed in the 
more slowly dynamic Ada hydrogels. The impact of 
probe size on transport in dynamic versus quasi-static 
networks held for the 20 kDa and 150 kDa probes as 
well (Fig S2). In sum, the expected dynamic-dependent 

Figure 3. (a) Fluorescence recovery after photobleaching (FRAP) data averages (n=3) after 16 d equilibration for the 70 and 250 
kDa probe encapsulated in Xyl and Ada hydrogels. (b) Select representative images displaying time-dependent hydrogel 
equilibration with aggregation of high molecular weight solutes by Ada hydrogel networks. (c) Analysis of diffusivity ratio versus 
the solute hydrodynamic diameter scaled to network pore size, exhibiting local maxima in the diffusivity ratio for solutes with 
dimensions in excess of the pore size. 
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trend of a higher solute diffusion rate in the more 
dynamic network was observed for the smaller solutes 
with dh near (70 kDa) or below (20 kDa) the estimated 
ξ of these ideal networks. However, this trend was 
inverted for the larger solutes (150 and 250 kDa) with 
dh in excess of the estimated ξ dimensions of the 
networks. 

Results from FRAP studies on larger probes were 
initially somewhat surprising. Yet, these trends in 
solute diffusion, wherein smaller solutes exhibited 
faster diffusion in the more dynamic Xyl hydrogels 
while larger solutes diffused faster in the less dynamic 
Ada hydrogels, were supported by further unexpected 
observations made in confocal imaging over the course 
of gel equilibration leading up to FRAP studies (Fig 3B, 
Fig S3-S5). The more dynamic Xyl hydrogels 
equilibrated rapidly into a homogenous field of 
fluorescence upon encapsulation of all tested probes. 
However, the encapsulation of these same fluorescent 
probes within the Ada hydrogel resulted in highly 
heterogeneous mixing initially, likely arising from 
challenges in interfacial mixing between CB[7] and 
Ada macromers due to high-affinity, slowly dynamic 
crosslinking. Kinetically limited macromer mixing 
may introduce interfacial transport limitations and/or 
regions of heterogeneous network architecture to 
confound FRAP measurements. Accordingly, 16 days 
of network equilibration was allowed before 
comparative FRAP experiments between the Xyl and 
Ada networks. Over this time, the smaller 
macromolecular solutes capable of fitting within a 
single hydrogel pore (20 and 70 kDa) equilibrated with 
the network to yield a homogenous fluorescent field, 
supporting the 16 day timeline for macromer network 
equilibration used. Yet, solutes estimated to be too 
large to fit within a single hydrogel pore (150 and 250 
kDa) instead formed punctate fluorescent clusters in 
the Ada hydrogel over this same 16 day equilibration, 
yielding a fluorescent field containing aggregates of 
fluorescent probe molecules.  

This observation of punctate structures supports a 
phenomenon of solute network exclusion,  which we 
hypothesize to result from the increased 
thermodynamic driving forces favoring an ideal 
network in the case of high-affinity Ada crosslinking. 
Reminiscent of the hydrophobic effect that drives the 
aggregation of hydrocarbons in an aqueous 
environment to minimize system free energy by 
maximizing solvent entropy, here it is postulated that 
the higher thermodynamic driving force for 

crosslinking in the Ada hydrogel effectively 
maximizes ideal network bonding by sequestering 
network-disrupting larger solutes into aggregates. 
This phenomenon, arising from high-affinity crosslink 
chemistry driving ideal network formation, stands in 
contrast to reports of controlled solute diffusion 
arising from polymer hydrogel architectures designed 
from building blocks that phase separate and give rise 
to microchannels.38–41 As the Ada network equilibrates, 
the high entropic favorability of complex formation 
acts to structure network-disrupting solutes into 
aggregates and minimize the number network bonds 
sacrificed, resulting in the larger fluorescent probes 
forming punctate aggregates rather than a 
homogenous field over 16 days of network 
equilibration. This hypothesis is supported by 
observation of homogenous fields for all probes in the 
lower affinity Xyl hydrogels that do not have the same 
entropic driving force for crosslink formation, as well 
as homogenous fields in Ada hydrogels when 
encapsulating smaller solutes (20 and 70 kDa) that can 
be accommodated within the mean ξ dimensions of 
these networks. Moreover, data from both Xyl 
hydrogels and free probes indicated that this 
phenomenon does not arise from an aggregated state 
of larger solutes either initially or forming over time 
(Fig S3-S4).  The exclusion phenomenon for larger 
solutes, therefore, is postulated to create tortuous 
channels through which solutes traverse the Ada 
network without need for bond exchange, thus leading 
to faster diffusion compared to the more dynamic Xyl 
hydrogels. Though the presence of network-
disrupting solutes would reduce hydrogel mechanical 
properties above some critical threshold concentration, 
the inclusion of dextran here at only 1.2% by mass 
relative to the macromer does not yield appreciable 
changes to the network that could be quantified by 
rheology. 

When plotting diffusivity of macromolecular solutes 
as its ratio between the hydrogel and free solution 
(D/D0) versus the solute hydrodynamic diameter (dh) 
divided by ξ, the data notably diverged from the 
Stokes-Einstein and Obstruction Theory predictions of 
a steady decrease in diffusivity as dh approached ξ (Fig 
3C). Instead, the data included unexpected local 
maxima in the midst of the otherwise expected 
decreasing trend, evident in the Xyl hydrogels and 
more pronounced in the less dynamic Ada hydrogels; 
in both cases local maxima arise as dh surpasses ξ. 
These experimental findings support the local maxima 
predicted from the recently reported Multiscale 
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Diffusion Model (MSDM).4 This newly developed 
model works to unify Free Volume Theory, which 
assumes solutes far smaller than pore size, and 
Obstruction Theory, which assumes solutes similarly 
sized or larger than pores. By appropriately weighing 
competing diffusion mechanisms across distinct 
length scales within a single model, previously 
unexpected diffusion phenomena can be described. 
Though the data collected for the Xyl and Ada 
hydrogels exhibit the same phenomenon predicted by 
the MSDM model, these do not readily overlay with 
the curves of this model due to the inherent differences 
between the covalent networks used to develop the 
model and the dynamic hydrogels studied herein. 
Namely, in these dynamic systems probes in excess of 
ξ have much greater mobility than in covalent gels, 
leading to a phase mismatch when applying the 
MSDM model parameters to the present data. For 
instance, probes far in excess of ξ can still diffuse 
within dynamic hydrogels through crosslink bond 
exchange, or by diffusing along with the macromers 

comprising the network, whereas such solutes would 
be effectively trapped in a covalent network. However, 
the general behavior predicted by the MSDM model of 
local maxima in relative diffusion rates at an 
intermediate solute size was conserved in the 
experimental data gathered here.  

Controlled Release of Macromolecules. The relevance 
of delivering macromolecular therapies using 
hydrogels also inspires interest in understanding how 
these networks, with disparate dynamics, translate to 
the controlled release of encapsulated molecules in 
vitro and in vivo. For these studies, the 70 kDa probe 
was chosen to be near the dimension of ξ and also as it 
exhibited positively correlated dynamics-dependent 
differences in diffusion between the Xyl and Ada 
networks in FRAP studies. According to previous 
studies on this 70 kDa dextran probe,18 release from 
hydrogels into a bulk solution was correlated with 
dynamics, in alignment with preliminary expectations 
(Fig 4A). When fitting these data to the Korsmeyer-

Figure 4. (a) Bulk release studies of a 70 kDa FITC-dextran probe from hydrogels in vitro (n=3 gels/group); data reproduced with 
permission (ref 18). (b) In vivo release of 70 kDa Cy5-dextran solute from subcutaneously injected hydrogels, quantified as the 
percent reduction in signal at the depot site using in vivo imaging (n=5 mice/group). (c) Representative in vivo fluorescent images 
of Cy5-dextran solute encapsulated within subcutaneous Xyl and Ada hydrogels, overlaid onto mouse photographs. 
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Peppas model in which fractional solute release from a 
hydrogel is related to the product of a kinetic constant 
and release time, Mt/M∞ = ktn,6 Xyl hydrogels exhibited 
characteristics of anomalous and erosion-dominated 
release; this is supported by complete gel erosion at 6 
d under conditions of bulk dilution. The Ada 
hydrogels, meanwhile, demonstrated release more 
consistent with Fickian diffusion according to the 
Korsmeyer-Peppas model. These data corroborate 
data from FRAP for faster release in the more dynamic 
Xyl system, though the introduction of network 
swelling and erosion of Xyl hydrogels in the setting of 
a bulk solvent suggests release is governed by 
additional mechanisms beyond solely diffusion. 

In an effort to correlate macromolecular release in vitro 
with in vivo function, hydrogels encapsulating Cy5-
labeled 70 kDa dextran were injected subcutaneously 
in mice and monitored using live animal in vivo 
imaging. Both Xyl and Ada hydrogels demonstrated 
rapid initial burst release, evidenced by signal 
reduction over the first ~8 h following injection (Fig 
4B-C). Beyond this point, these two materials 
diverged, as release from the Xyl hydrogels stalled 
while Ada hydrogels continued to release for ~36 h 
before also plateauing. Interestingly, this comparative 
release behavior was opposite to that predicted by 
release experiments in vitro. Specifically, the initial 
burst and subsequent plateau in release with a large 
fraction of dye retained in the hydrogel, observed for 
both hydrogels, was unexpected. It is conceivable that 
the initial burst happens as a result of material 
deformation upon injection as well as expulsion of 
some water and smaller molecular weight dye-linked 
solutes from the hydrogel under compression of the 
skin. This is an outcome deserving of further 
exploration given burst release from a hydrogel upon 
injection may interfere with many applications 
centered on controlled therapeutic release. In regards 
to the apparent plateau in release, it was demonstrated 
previously that these hydrogels do not elicit formation 
of a fibrotic capsule to act as a transport barrier,18 nor 
would such a capsule be expected to form within hours 
to days of injection. Instead, it is postulated that 
accumulation of cells and proteins at the 
tissue/material interface may halt release from the 
networks, with this process being accelerated in 
hydrogels composed of the charge-bearing Xyl guest 
compared to that in networks prepared from the 
neutral Ada guest. The increased adsorption of serum 
proteins has been reported for other classes of 
positively charged hydrogels,42 though further 

exploration of these phenomena is warranted here. 
Indeed, histological analysis performed at the 
endpoint of these studies demonstrated the presence 
of a layer of infiltrating cells at the tissue/material 
interface for both hydrogels, with the apparent 
thickness of this layer being larger in Xyl versus Ada 
hydrogels (Fig S6). This discrepancy in release 
behavior from in vitro to in vivo models therefore 
highlights a key challenge in predicting controlled 
release characteristics of dynamic supramolecular 
networks through subjecting these to bulk dilution in 
vitro. Though Xyl hydrogels exhibited dissolution and 
erosion within 6 d in a standard bulk release set-up, the 
same hydrogels remained intact and could be retrieved 
from subcutaneous tissue through necropsy at 9 d with 
no apparent reduction in hydrogel volume compared 
to Ada hydrogels. Moreover, in spite of more rapid 
probe diffusion demonstrated in FRAP studies and 
more rapid release in vitro, the in vivo release from Xyl 
materials was effectively halted within hours. As such, 
care must be taken when developing supramolecular 
hydrogel platforms for controlled release of 
macromolecules to carefully correlate in vitro release 
assays with in vivo performance. 

CONCLUSIONS 

In this work, two hydrogels of differing crosslink 
dynamics were investigated to study the impact of this 
design parameter on the internal diffusion and bulk 
release of macromolecular solutes. By tuning crosslink 
thermodynamics and resultant kinetics to span 
dynamic to quasi-static states using high-affinity 
CB[7]–guest complex crosslinking, the propagation of 
tunable complex affinities was manifest in bulk 
material properties. Eyring analysis performed on 
temperature-dependent stress relaxation data enabled 
the thermodynamics of these crosslinks to be 
characterized, offering evidence for thermodynamic 
driving forces favoring a more stable ideal network in 
the higher affinity Ada hydrogel. These differences in 
crosslink thermodynamics resulted in surprising 
differences in the diffusion behavior of 
macromolecular solutes within these hydrogels. FRAP 
studies revealed the expected dynamics-dependent 
differences in diffusion for smaller solutes near or 
below the estimated ξ dimensions, with faster 
transport in the Xyl hydrogel than in the less dynamic 
Ada hydrogel. However, macromolecular solutes with 
hydrodynamic diameters exceeding ξ exhibited non-
classical diffusion behavior, an effect accentuated in 
the Ada hydrogels with a much higher 
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thermodynamic driving force favoring an idealized 
network. This phenomenon corresponded to an 
observation of solute aggregation and network 
exclusion, wherein macromolecular solutes incapable 
of encapsulation within a single network pore were 
afforded channels to diffuse through the network, 
thereby circumventing predictions for crosslink 
dissociation-dependent diffusion behavior. Toward 
translational use of these materials, bulk release of 70 
kDa dextran was assessed both in vitro and in vivo. The 
in vitro release data was primarily consistent with 
expectations from FRAP studies, as a macromolecular 
solute capable of encapsulation within the network 
porosity exhibited release rates corresponding to 
network dynamics, though augmented by network 
swelling and erosion under conditions of dilution. 
However, release in vivo exhibited an inverse 
relationship, with the less dynamic Ada hydrogel 
releasing more of the encapsulated fluorescent probe 
during the initial 36 h before both Xyl and Ada release 
profiles plateaued for a period of 7 d. This seeming 
discrepancy between in vitro and in vivo release 
behavior underscores the importance of further 
investigation into both the fundamental material 
science and thermodynamics alongside biomedical 
applications of supramolecular hydrogel networks. 

EXPERIMENTAL SECTION 

Macromer Synthesis. CB[7]-PEG8a, Xyl-PEG8a, and 
Ada-PEG8a were synthesized and fully characterized, 
as previously reported.18  

Rheology. Oscillatory rheology was performed on a 
TA Instruments Discovery HR-2 rheometer. A 20 mm, 
2° conical upper geometry was used for all 
experiments. The Peltier stage was fitted with a solvent 
trap to minimize evaporation from samples during 
testing. Following amplitude strain sweeps at 10 rad/s 
from 0.1 to 200% strain, frequency sweeps were 
conducted at 2% strain from 0.1 to 200 rad/s on Xyl and 
Ada gels; this strain was verified to be in the linear 
viscoelastic region for all samples. Stress relaxations 
experiments were then performed on 5 wt% Xyl and 
Ada gels and included a temperature equilibration 
followed by the application of a constant 2% strain at 
various temperatures. The Xyl gel was equilibrated for 
3 min at temperatures ranging from 5-25°C and 
strained for 1000 s. The Ada gel was equilibrated for 10 
min at temperatures between 25-45°C and strained for 
up to 10000 s.  

FRAP. Fluorescence recovery after photobleaching 
(FRAP) was performed based on a previously 
published procedure.30 Briefly, a Nikon A1R inverted 
confocal microscope equipped with a 20X objective 
lens (N.A. 0.75) was used. Gel samples were pre-mixed 
within a syringe and loaded into a hybridization 
chamber (Electron Microscopy Sciences,  70333-42). 
Imaging was performed 30 µm above the gel/coverslip 
interface with the detector voltage  adjusted so that the 
median fluorescence was approximately 2000 intensity 
units. Three positions across the center of the well were 
acquired for each gel condition. Two circular regions 
of interest (ROI) with diameters of 105 µm each were 
monitored in the field of view; one ROI was designated 
for active photobleaching with the other as a control 
for passive bleaching during imaging. Photobleaching 
was performed using 405 nm, 488 nm, 561 nm, and 638 
nm laser light at a power setting of 100% to achieve at 
least 75% decrease in signal intensity. Each ROI was 
imaged every 2 s for 30 s, photobleached for 14 s, 
imaged every 2 s for 135 s, and imaged every 10 s for 
990 s. Intensity analysis was done using Nikon 
Elements software (v. 5.20.02). 

Release Studies. In vitro release experiments were 
conducted as previously reported.18 For studies in vivo, 
a previously reported Cy5-labeled fluorescent dextran 
was substituted in order to enable better visualization 
and signal quantification via imaging.43 Hairless 8-wk 
old male SKH1-E mice (Charles River) were injected 
with 80 µL hydrogels prepared by mixing CB[7]-PEG8a 
with equimolar amount of Xyl-PEG8a or Ada-PEG8a at 
a total macromer concentration of 5 wt%. Hydrogels 
also included 0.6 mg/ml of Cy5-labeled 70 kDa 
Dextran. Mice were briefly anesthetized with inhaled 
isoflurane to enable precise localization of injection. 
Subsequently, these mice were serially imaged using 
an AMI HT in vivo imager (Spectral Instruments) at the 
noted timepoints. Studies were conducted with n=5 
mice per group. Data were analyzed and quantified 
using the Aura software package included with the 
imager. Following 8 d of imaging, mice were 
euthanized on day 9 and the hydrogel and 
surrounding tissue were assessed by gross necropsy to 
verify hydrogel retention and characterize 
inflammation. The gel and surrounding tissue was 
fixed in formalin, and subjected to routine histological 
processing, sectioning, and staining with H&E. All 
experiments followed a protocol approved by the 
University of Notre Dame Animal Care and Use 
Committee (IACUC) and adhered to all relevant 
Institutional, State, and Federal guidelines.  
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