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ABSTRACT: Increasingly accurate mathematical models have been
developed to relate solute and hydrogel properties to solute diffusion
coefficients in hydrogels, primarily by comparing solute sizes and hydrogel
mesh sizes. Here, we use a standardized, high-throughput method for
fluorescence recovery after photobleaching (FRAP) experiments and analysis
to characterize the diffusion coefficients of fluorescein, three sizes of FITC-
dextran, and three sizes of FITC-conjugated poly(ethylene glycol) (PEG)
through 18 structurally varied poly(vinyl alcohol) (PVA) hydrogel
formulations. Increasing the hydrogel mesh radii increased the diffusivities
of all the tested solutes within the hydrogels. While the diffusivity of FITC-
dextrans in hydrogels decreased with increasing solute size, the diffusivity of FITC-PEGs increased with increasing solute size,
suggesting that a generalized hydrodynamic radius-based model is not universally applicable for solute diffusion in hydrogels. The
high-throughput characterization method for solute diffusion in hydrogels described here facilitates precise hydrogel design for
biomedical applications.

■ INTRODUCTION

In biological and biomedical applications, including drug
release devices and extracellular matrix-mimicking cell culture
scaffolds, hydrogels are used as reservoirs for water-soluble,
environmentally sensitive molecules such as antibodies,
cytokines, and siRNA.1−4 Because the polymer network
component of hydrogels interrupts internal convection,
diffusive transport often controls solute movement within
and release from hydrogels. Therefore, solute diffusivity in
hydrogels is critical to the design of hydrogel-based tissue
engineering scaffolds and drug delivery devices.
Solute properties greatly influence how it diffuses in a

hydrogel. Studies of solute diffusivity in hydrogels have utilized
well-characterized solutes such as very often commercially
available fluorescein isothiocyanate-conjugated dextran (FITC-
dextran) molecules.5−13 FITC-dextrans are water-soluble
fluorescent molecules with controllable size distributions
based on the molecular weight of the dextran component.
According to the Stokes−Einstein theory, increasing the solute
size reduces diffusivity in free solution. Within hydrogels, the
relationship between solute diffusivity and solute size is further
complicated by the concentration of polymer in the hydrogel
and the size of portals created by the network structure.14,15

FITC-dextrans with molecular weights at 4, 10, and 20 kDa
have been frequently used to study solute diffusivity in
hydrogels because they are similar in size to hydrogel network
portals and cytokines.6−10 Beyond FITC-dextrans, fluorescein,
FITC-conjugated bovine serum albumin, and other molecules
have been used as smaller, larger, protein-representative, shape-
varied, and chemically interacting solutes diffusing in hydro-
gels.6,7,16,17 Given the potential for shape-based and chemical

interactions between solutes and a polymer network, it is
unclear whether the solute diffusivity profiles of FITC-dextrans
in hydrogels correspond to equivalently sized biomacromole-
cules.
As with solutes, analysis of how hydrogel properties affect

solute diffusivity in hydrogels has focused on the relative sizes
of molecular components.6,10,13,16,18 Mesh size, which
describes the average distance between two network junctions
connected by a polymer chain,19 has been frequently
associated with solute diffusivities in hydrogels via convenient,
often simplified, correlations or scaling concepts. We recently
suggested that the term “mesh radius,” which describes the
expected radius of a hydrodynamically spherical solute that
would pass through a hydrogel network portal, would be a
more accurate predictor of solute diffusivity than mesh size.15

Both mesh size and mesh radius can be predicted via the
swollen polymer network model20 and can be further applied
through the multiscale diffusion model14 to estimate solute
diffusivity within hydrogels.
Fluorescence recovery after photobleaching (FRAP) experi-

ments are a fast and efficient method for characterizing solute
diffusivity within hydrogels.21−23 FRAP experiments briefly
photobleach fluorescent solutes using a high-powered laser and
then repeatedly capture fluorescence micrographs of the
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bleached spot and surrounding area as nearby solutes that
retain their fluorescence diffuse into the bleached spot. Unlike
traditional incubation and release experiments, FRAP experi-
ments are conducted at steady state (bleached solutes remain
otherwise identical to unbleached solutes) within the bulk of a
hydrogel, minimizing experimental and modeling errors
associated with solute concentration gradients and partitioning
at the interface of the hydrogel and the bulk solution.6,24 FRAP
experiments performed using confocal laser scanning micro-
scopes provide data with exceptionally high spatial and
temporal resolutions, and programs that comprehensively
interpret these datasets provide increasingly accurate and
precise calculations of solute diffusion coefficients.21,25−27

These recent and ongoing technological developments
associated with FRAP experiments make FRAP a promising
tool for high-throughput characterization of solute diffusivities
in hydrogels.
The great variety of solutes and hydrogel formulations

studied for diffusional biomedical applications warrants high-
throughput analysis methods to create a robust perspective of
solute diffusion in hydrogels, inform fundamental models, and
improve hydrogel design for biomedical applications. Here, we
modified the highly accurate FRAP analysis program of
Jönsson et al.27 for high-throughput analysis of standardized
FRAP experiments in hydrogels. Using the new modified
program, we analyzed 7 solutes diffusing in 18 hydrogel
formulations. We compared the size- and chemistry-dependent
diffusion of FITC-dextrans with FITC-conjugated poly-
(ethylene glycol) molecules (FITC-PEGs) and fluorescein.
Poly(vinyl alcohol) (PVA) hydrogels were synthesized with
varying initial polymer volume fractions and degrees of
polymerization between junctions, two structural parameters
that independently affect mesh radius and solute diffusivity
within the synthesized hydrogels. The resulting coordinated
analysis tested assumptions and practical limitations of existing
models for solute diffusion in hydrogels, suggesting a path
toward more comprehensive and effective modeling and
hydrogel design.

■ METHODS
PVA Hydrogel Synthesis and Swelling Characterization.

Poly(vinyl alcohol) (PVA) hydrogels were synthesized as previously
described.28 Briefly, well-characterized PVA (Sigma-Aldrich, St. Louis,
MO) was dissolved in deionized water by heating at 90 °C overnight
at three concentrations corresponding to three initial polymer volume
fractions (φ0) of 5, 7.5, and 10%. An aqueous glutaraldehyde solution
(25%; Sigma-Aldrich) was added based on stoichiometric ratios with
PVA (mol glutaraldehyde/mol PVA-repeating units) to attain six ideal
degrees of polymerization between junctions (Nj) of 20, 30, 40, 50,
60, and 70. The resulting 18 combinations of initial polymer volume
fraction and degree of polymerization values were cast on 2 mm thick
sheets and left to react for 3 h to form hydrogels. Following the
hydrogel formation reaction, three 18 mm diameter discs were
punched for swelling analysis, and the remaining material was swollen
in phosphate-buffered saline (PBS) for use in fluorescence recovery
after photobleaching (FRAP) experiments. All hydrogel formulations
were synthesized twice to demonstrate batch-to-batch reproducibility.
The formulation with the greatest concentration of polymer and
junctions (φ0 = 0.100, Nj = 20) only formed intact hydrogels in one of
the batches.
As previously described,28 swelling was characterized in three

states: The relaxed state immediately followed gelation, the swollen
state followed swelling to equilibrium in excess PBS, and the dry state
followed desalting in deionized water and drying with heat and
vacuum. Volumes in each state were measured using a buoyancy-

based method. Swollen polymer volume fractions (φs) were calculated
by dividing the swollen volume by the dry volume. The mesh radius
(rm) of each formulation was calculated based on swollen polymer
volume fractions and hydrogel structural parameters (eq 1).15 Eq 1
only applies to swollen polymer networks with tetrafunctional
junctions.
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In eq 1, f is the network junction functionality (4 for glutaraldehyde-
crosslinked PVA), l ̅ is the weighted average of the bond lengths in the
backbone of the repeating unit (for PVA, 0.154 nm), C∞ is the Flory
characteristic ratio (for PVA, 8.3), and λ is the number of linear
backbone bonds per repeating unit (for PVA, 2).28

FRAP Experiments. Fluorescein (Sigma-Aldrich), three sizes of
FITC-dextran (Sigma-Aldrich), and three sizes of FITC-PEGs
(Creative PEGWorks, Durham, NC) were selected as solutes to
study diffusivity within hydrogels via FRAP experiments with a
confocal microscope (Zeiss LSM710 Confocal Microscope, Ger-
many). Solute diffusion experiments in aqueous solution with 10 μM
mL−1 of each solute in PBS and solute diffusion experiments in
hydrogels were prepared by incubating swollen hydrogel punches (5
mm diameter, ∼2 mm height, three punches per hydrogel formulation
and batch) in 5 mL of 10 μM mL−1 solute-loaded solution in black 5
mL centrifuge tubes overnight with orbital shaking. All FRAP
experiments were performed using eight-chambered microscope slides
with no. 1.5 glass bottoms (Cellvis, Mountain View, CA), 2× zoom
on a 20× objective lens (NA = 0.80, WD = 0.55 mm), 512 × 512
pixel images, a 128-pixel bleach spot diameter (∼54 μm), and 60
frames taken at the fastest scan rate available (∼240 ms per frame,
with 0.3 s total delay between frames). Imaging and bleaching were
performed using a 405 nm argon laser at 100% intensity for bleaching
and 2−20% power and 600−900 gain as needed for the recovery
imaging. For all samples, three scans at different locations within the
sample were taken, all at a depth of 100 μm into the sample.8 The
FRAP experiment protocol, experimental data, and experimental
parameters are available in the Supporting Information.

FRAP Experiment Analysis and Modeling. Raw image
sequence files from the confocal microscope were preprocessed for
analysis. Specifically, Carl Zeiss image files (.czi) were converted to
tagged image format files (.tif) using ImageJ with the Bio-Formats
Macro Extensions plugin. Experimental data were then individually
analyzed as discussed below to calculate diffusion coefficients and
immobilized solute fractions using the Jönsson et al. FRAP analysis
program27 in MATLAB R2018b (MathWorks, Natick, MA).
Experimental data were also analyzed using a novel modification of
the FRAP analysis program optimized for high-throughput batch
analysis. The novel FRAP analysis program is available in the
Supporting Information.

Following the calculation of diffusion coefficients, further analysis
and regrouping of the data were performed using R and RStudio
(RStudio, Boston, MA). FRAP experiment data were summarized and
grouped according to solute-formulation pairings. Literature-based
estimates of the solute diffusivities in solution were calculated based
on the hydrodynamic radii calculations of Armstrong et al.29 and the
Stokes−Einstein equation (eq 2). Swelling-based estimates of solute
diffusivities and diffusivity-based estimates of mesh radii were
calculated using a modified multiscale diffusion model (eq 3).14,15

The R scripts used to calculate structural values and diffusion
coefficients are available in the Supporting Information.

πη
=D

k T
r60

b

s (2)

In eq 2, D0 is the diffusivity of the solute in solution, kb is the
Boltzmann constant (1.38 × 10−23 J/K), T is the temperature (298
K), η is the solution’s viscosity (0.00089 Pa s), and rs is the
hydrodynamic radius of the solute.
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In eq 3, D is the diffusivity of the solute in the hydrogel, rFVW is the
radius of free volume voids in water (0.269 nm), and rf is the fiber
radius of the polymer in water (for PVA, 0.55 nm).
Statistics and Data Availability. Swelling experiments were

performed in triplicate with two batches per formulation (n = 6).
FRAP experiments on solutes in solution were performed in triplicate
(n = 3). FRAP experiments in hydrogel were performed with three
samples from each of two batches and three scans at different
positions in the hydrogel (n = 18). All values are represented as mean
± standard deviation. Paired t tests were performed using GraphPad
Prism 9 software (GraphPad Software, San Diego, CA). Statistical
significance was evaluated at P < 0.05. Full quantitative data are
available in the Supporting Information.

■ RESULTS
To evaluate the effects of hydrogel design on solute transport,
we prepared 18 formulations of PVA hydrogels and then
incubated each formulation in solutions of fluorescein, three
sizes of FITC-dextran, or three sizes of FITC-PEG. Solute
diffusion was analyzed via FRAP experiments, and diffusion
coefficients for each solute formulation pairing were first
calculated via the FRAP analysis program developed by
Jönsson et al.27 and then recalculated with a novel, high-
throughput modification of their program. Mesh transport
theory was used to interpret the relationships between
diffusion coefficients and the properties of each solute-
hydrogel pairing.
Samples of eighteen PVA hydrogel formulations were

synthesized with three different initial polymer volume
fractions (φ0) and six different degrees of polymerization
between junctions (Nj), each in two batches to mitigate batch-
dependent effects. Swelling profiles of each formulation were
characterized as previously described.28 For this study,
hydrogel formulations were characterized by their mesh
radii,15 which were calculated from synthesis-based structural
parameters and the swollen polymer volume fraction of each
hydrogel formulation (eq 1 and Table S1).
The diffusion coefficient of each solute in aqueous solution

(10 μM in PBS) was measured using the Jönsson program27

(Figure 1). Literature-based diffusion coefficients for each

solute were calculated from their hydrodynamic radii using the
Stokes−Einstein equation as described in the Methods section
(eq 2 and Table S2). In free solution, both the FRAP-
measured and Stokes−Einstein-estimated diffusion coefficients
decreased with an increasing hydrodynamic radius for both
FITC-dextrans and FITC-PEGs. The large difference between
modeled and measured values for fluorescein may be a result of
fluorescein’s tendency to form dimers in aqueous solution.30

Overall, these results confirm that FRAP experiments analyzed
with the Jönsson program reliably measure solute diffusion
coefficients in solution, justifying further application of FRAP
analysis to solute diffusion in hydrogels.

Automation of the FRAP Analysis Program. The FRAP
analysis MATLAB program developed by Jönsson et al.27

guides the user through one of the most computationally
robust methods for analyzing FRAP data21 based on a Hankel
transform of spatial intensity data. The program is well suited
for analyzing FRAP experiments on a single solute in a
hydrogel and includes capabilities for measuring immobile
solute fractions as well as tracking the bleach spot movement
due to convection, which was necessary for analyzing diffusion
coefficients in solution. However, the program is designed to
analyze a single FRAP experiment at a time. Multiple
interactive steps are required for each FRAP experiment, and
analytical results are presented but not saved for later
interpretation. For our goals of characterizing over 2000
FRAP experiments, experiment-by-experiment analysis quickly
became laborious. More than 150 h were spent analyzing the
current dataset with the program despite the standardized
parameters for all FRAP experiments in hydrogels.
Our appreciation for the precision of the spatial Hankel

analysis method and frustration with the Jönsson program’s
user interface motivated us to create a streamlined version of
the program for high-throughput analysis of solute diffusion in
hydrogels. The modified program automatically analyzes a
folder of standardized FRAP experiments, saves all results to a
spreadsheet, and exports the data-fit graphs to a folder for
review (MATLAB program available in the Supporting
Information). Using the modified program, all the FRAP
experiments in hydrogels were reanalyzed in less than 3 h with
only brief (∼2 min) user involvement to initiate the analysis.
Conversion from the manual analysis method to an automated
method resulted in at least a 50-fold reduction in total analysis
time and over a 500-fold reduction in person hours of
analytical work.
Comparison of diffusion coefficients measured via the

manual and automated programs show a strong 1:1 correlation
across all solute formulation pairings (Figure 2A), with the
greatest percent difference of 4.9% in the most transport-
restrictive hydrogel (φ0 = 0.100, Nj = 20) with a 4 kDa FITC-
dextran solute (Figure 2B). A paired t test of the automated
and manual data showed a nonsignificant difference (p = 0.89).
With such minimal changes to the measured diffusion
coefficient values and a 50-fold reduction in batch analysis
time and effort, we anticipate that the modified high-
throughput program will be a valuable tool for improving
understanding of solute transport in hydrogels via FRAP
experiments.

Immobilization of Solutes within the Hydrogels.
Unlike solute-hydrogel systems where the solutes are
introduced before hydrogel formation and therefore possibly
partially entrapped by the network formation reaction, all
solutes in these studies entered the preformed hydrogels via

Figure 1. Diffusivity of fluorescent solutes in solution. Fluorescent
recovery after photobleaching (FRAP) measurements of the
diffusivity of fluorescein, three sizes of FITC-dextran, and three
sizes of FITC-PEGs in aqueous solution were compared to diffusion
coefficients predicted from the Stokes−Einstein (S−E) equation (eq
2). Error bars represent standard deviations (n = 3).
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diffusion from a bulk solution. Because the solutes were
introduced via diffusion, we hypothesized that negligible solute
immobilization, or physical entrapment, would occur within
the hydrogel regardless of solute and hydrogel characteristics.
We tested our hypothesis by using a two-parameter fit of the
FRAP experiment data that identifies the immobile fraction of
solute in each hydrogel formulation. Whereas the standard Fit
1 considered only a single diffusion coefficient parameter, Fit 2
incorporated a second parameter, the immobilized solute
fraction. Fit 2 calculated the immobilized solute fraction based
on any persistent reduction in fluorescence within the bleached
spot after the system returns to diffusive equilibrium.

Immobilized solute fractions calculated via Fit 2 were
compared based on solute size and type (Figure 3A,B) and
hydrogel mesh radius (Figure 3C,D). At least one unrealistic
negative immobilized solute fraction was calculated for each
solute (Figure 3A) and each hydrogel formulation (Figure
3C), and all negative values were interpreted as diffusion
without immobilization. Notably, all fluorescein and 4 kDa
FITC-dextrans had negative immobilized solute fractions,
suggesting that these solutes were consistently too small
(and effectively spherical) to be immobilized. The largest
negative immobilized solute fractions correspond to the most
restrictive hydrogel (φ0 = 0.100, Nj = 20), which could be an
analytical artifact caused by the need for longer recovery

Figure 2. Comparison of manual and automated diffusivity analysis methods. (A) Direct comparison of manual and automated results. Error bars
represent standard deviations (n = 18). (B) Bland−Altman graph clarifies the percent differences between manual and automated results. Positive
percent differences represent higher manual values than automated values. Dotted lines represent 95% limits of agreement. FL00, fluorescein;
FD04, 4 kDa FITC-dextran; FD20, 20 kDa FITC-dextran; FD70, 70 kDa FITC-dextran; FP05, 5 kDa FITC-PEG; FP20, 20 kDa FITC-PEG; FP40,
40 kDa FITC-PEG.

Figure 3. Measured immobilized solute fraction dependence on solute characteristics and hydrogel mesh radii. Immobilized solute fractions
calculated using Fit 2 analysis of FRAP experiments grouped by solute characteristics and initial polymer volume fraction (A, B) or hydrogel mesh
radius (C, D) with subset graphs to show only positive immobilized solute fractions (B, D). Error bars were omitted for visual clarity, and points
were shown at 50% transparency to help visualize repeated values. FL00, fluorescein; FD04, 4 kDa FITC-dextran; FD20, 20 kDa FITC-dextran;
FD70, 70 kDa FITC-dextran; FP05, 5 kDa FITC-PEG; FP20, 20 kDa FITC-PEG; FP40, 40 kDa FITC-PEG.
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periods to reach diffusive equilibrium (Figure S1). Regarding
how solute properties affect immobilized solute fractions,
FITC-dextran shows an apparent trend of increasing
immobilized fraction with increasing size, but the FITC-
PEGs do not match the trend, with the largest immobilized
solute fraction observed in the 20 kDa FITC-PEG (Figure 3B).
The dependence of the positive immobilized solute fractions

on mesh radius does not show consistent trends across all
solutes (Figure 3D). However, further analysis of the
underlying data revealed that six of the seven 70 kDa FITC-
dextran solute-formulation parings with positive immobilized
solute fractions were in low initial polymer volume fraction
hydrogels (φ0 = 0.050). Similarly, all six of the hydrogel
formulations with positive immobilization of 20 kDa FITC-
PEG were made using the low initial polymer volume fraction.
These results suggest that the initial polymer volume fraction
somehow has a greater impact on immobilized solute fraction
than the mesh radius, with mesh radius possibly having a
secondary effect as suggested by the positive trend observed for
20 kDa FITC-PEG but not for 70 kDa FITC-dextran.
The lack of positive immobilized solute fractions in the most

restrictive hydrogel and the dependence on initial polymer
volume fraction suggests that relatively open, spacious
networks and possibly a wide distribution of effective mesh
radii are needed to immobilize solutes that are introduced by
diffusion. Immobilization of solutes that were introduced via
diffusion may indicate that the solutes penetrated until they
were entrapped, possibly by an unusually small local mesh
radius and/or unsuccessful reptation of the solute’s polymeric
segments through the network. From these results, we
conclude that the design of hydrogels for the control of solute
diffusion must also address how structural parameters affect
solute immobilization.
Secondarily, diffusion coefficients calculated using Fit 1 and

Fit 2 were compared to understand if adding solute
immobilization to the analytical model had any effect on the
measured diffusivity (Figure 4). A paired t test of the entire
dataset found the difference between fits to be marginally
nonsignificant (P = 0.0518), but there were clear solute-
specific deviations for 20 and 40 kDa FITC-PEGs favoring
higher diffusion coefficients with Fit 2 (Figure 4A). These
deviations correspond to the solute-formulation pairings with
the greatest immobilized fractions. At the lowest diffusivities
associated with the most restrictive hydrogel formulation (φ0 =
0.100, Nj = 20), the percent differences between calculated

diffusivities were exceptionally high, with the 70 kDa FITC-
dextran at an 80% difference (Figure 4B). The large percent
differences at low diffusivities correspond to FRAP experi-
ments that were conducted with insufficient time for the
system to reach diffusive equilibrium (Figure S1), rendering
estimates of the immobilized solute fractions for those
experiments nonsensical. Overall, these results suggest that
the comparison of Fit 1 and Fit 2 solute diffusion coefficients
in hydrogels yields negligible global differences. While Fit 2
more accurately addresses situations where there is a significant
immobile fraction, the additional requirement for the system to
reach diffusive equilibrium means that the less-demanding Fit
1 is a more robust tool for characterizing diffusion coefficients
from FRAP experiments in hydrogels.

Comparison of FRAP Diffusivity Data with Mesh
Transport Model Predictions. Based on the fundamental
assumptions included in mesh transport theory, solute
diffusivity in hydrogels is expected to (i) decrease with solute
size, (ii) never exceed the diffusivity observed in free solution,
and (iii) predict a consistent mesh radius for each hydrogel
formulation regardless of solute size and type. We
experimentally evaluated these three expectations in hydrogels
with varying structural parameters and mesh radii. To
summarize measurements and modeled predictions of
diffusivity, normalized diffusivity, and mesh radius for 7 solutes
in 18 hydrogel formulations, we compared the most permissive
hydrogel formulation (φ0 = 0.050, Nj = 70), the median
hydrogel formulation (φ0 = 0.075, Nj = 50), and the second-
most restrictive hydrogel formulation (φ0 = 0.100, Nj = 30) to
describe a wide range of hydrogel formulation-dependent
diffusivity profiles (Figure 5).
From the comparisons of solute diffusivities and solute

hydrodynamic radii in all three hydrogel formulations (Figure
5A−C), we conclude that the model overestimated the
diffusivity of smaller molecules (below 4 nm). The ratio of
modeled to measured diffusivity grew larger as measured
diffusivities greatly decreased in the more restrictive hydrogel
formulations. The fluorescein and FITC-dextran measure-
ments appeared to match the modeled decrease in diffusivity
with solute size, but the FITC-PEGs broke the trend by
increasing in measured diffusivity with increasing solute sizes.
When diffusivity was normalized by the free solution diffusivity
of each solute, the normalized diffusivities of small molecules
were overestimated again by the model (Figure 5D−F). For
both the FITC-dextran and FITC-PEG solute groups,

Figure 4. Comparison of diffusion coefficients from analysis models neglecting (Fit 1) or including (Fit 2) the possibility of solute immobilization.
(A) Direct comparison of Fit 1 and Fit 2 diffusion coefficients. Error bars represent standard deviations (n = 18). (B) Bland−Altman graph clarifies
the percent differences between Fit 1 and Fit 2 diffusion coefficients. Positive percent differences represent higher Fit 1 values than Fit 2 values.
Dotted lines represent 95% limits of agreement. FL00, fluorescein; FD04, 4 kDa FITC-dextran; FD20, 20 kDa FITC-dextran; FD70, 70 kDa FITC-
dextran; FP05, 5 kDa FITC-PEG; FP20, 20 kDa FITC-PEG; FP40, 40 kDa FITC-PEG.
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normalized diffusivities increased with hydrodynamic radius,
unlike the model-predicted reduction in solute diffusivity with
increasing size. Surprisingly, in the permissive (Figure 5D) and
moderate (Figure 5E) hydrogel formulations, the normalized
diffusivity of the 40 kDa FITC-PEG was greater than one,
suggesting that the diffusion of the 40 kDa FITC-PEG in a
PVA hydrogel is faster than in an aqueous solution.
The trends in diffusivity and normalized diffusivity highlight

the inadequacy of the model to describe solute transport in
hydrogels. Specifically, the exceptional normalized diffusivity
coefficients of the 40 kDa FITC-PEG in hydrogels require a
robust reconsideration of the relevant phenomena. Immediate
points of consideration include the solute concentration within
the hydrogel, the distribution of solute sizes within the
hydrogel, and the shape of the solute. A separate,
supplementary partition coefficient experiment (Figure S4)
showed below-unity partition coefficients for larger solutes

(FP20, FP40, and FD70) in all formulations, suggesting that
there may be a screening effect based on solute size. However,
the different hydrogel formulations had marginal effects on the
partition coefficients, and the partition coefficients were higher
for FP40 than they were for FD70, so lower concentrations
and size-based screening alone cannot fully account for the
unique behavior of the 40 kDa FITC-PEG. These results
suggest that the shape difference between FITC-PEG and
FITC-dextran played a significant role. Specifically, since
FITC-PEG is linear and FITC-dextran is globular, a large
FITC-PEG molecule is most likely to diffuse in a hydrogel via
reptation.31,32 In effect, it is likely that a combination of lower
concentrations, downshifted solute sizes, and linear PEG
reptation within the hydrogels create the unexpected
experimental results shown in Figure 6A−F.
The estimation of mesh radius from solute diffusion

coefficients in each hydrogel formulation disrupts the third

Figure 5. Calculation of normalized diffusivities and mesh radii from solute diffusivities in permissive, moderate, and restrictive hydrogel
formulations. For selected permissive (φ0 = 0.050, Nj = 70), moderate (φ0 = 0.075, Nj = 50), and restrictive (φ0 = 0.100, Nj = 30) hydrogel
formulations, diffusivities were measured from FRAP analysis and modeled by the modified multiscale diffusion model (A−C), normalized
diffusivities were calculated based on free diffusivities in solution (D−F), and mesh radii were calculated by inverting the modified multiscale
diffusion model (G−I). Diffusivity error bars represent standard deviation (n = 18), and normalized diffusivity error bars were calculated via
propagation of error from diffusivity standard deviations and free solute standard deviations (nfree = 3).
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assumption that mesh radius is consistent within a hydrogel
formulation (Figure 5G−I). Measured mesh radii, which were
calculated from normalized diffusion coefficients and an
inverted form of the modified multiscale diffusion model (eq
3), consistently increased with solute radii across all
formulations. One interpretation of this result is that the
PVA hydrogels have a distribution of mesh radii, and all the
solutes have a size-dependent lower limit for the mesh radius
they can interact with, such as in size exclusion chromatog-
raphy. Alternatively, the model may be poorly equipped or not
optimized for evaluating the relationship between solute size
and mesh radius, especially since it has not been previously
tested with simultaneous variations in hydrogel formulation,
solute size, and solute type.14 Notably, low values of the
fluorescein normalized diffusivity yielded nonreal mesh radii
values (Figure 5I), and measured mesh radii for the 40 kDa
FITC-PEGs were either exceptionally high (22,600 nm for φ0
= 0.050, Nj = 20) or negative if the normalized diffusion
coefficient was greater than one. These cases demonstrate the
practical limitations of the modified multiscale diffusion model
in evaluating unexpected solute behavior within hydrogels.
Taken together, these experimental results and modeling
comparisons provide evidence that solute transport in
hydrogels is not simply influenced by solute sizes and hydrogel
mesh radii, and future diffusion modeling efforts must address
additional possible interactions between solutes and the
hydrogel, such as shape-dependent reptation.
Control of Solute Transport in Hydrogels. Overarching

control of solute diffusivities is one of the primary goals of
hydrogel structural design and swollen polymer network
modeling.15,20,28 To summarize the practical utility of this
study, we considered the range of diffusivities for each solute in
the tested hydrogel formulations (Figure 6A) as well as how
mesh radii affected solute diffusivities (Figure 6B−D).

Fluorescein and FITC-dextrans shared a trend of decreasing
range and decreasing diffusivities with increasing solute size,
but the FITC-PEGs showed negligible changes in the ranges or
values of diffusivities and a slight increase in overall diffusivities
with increasing solute size (Figure 6A). Despite these
inconsistencies across solute groups, all solutes showed a
general trend of increasing diffusivity with increasing hydrogel
mesh radius (Figure 6B−D). However, the stratification of the
fluorescein trends by initial polymer volume fraction (Figure
6B) show that mesh radius is not a universal predictor of
whether a solute will have a higher diffusivity in one hydrogel
formulation over another. In Figure 6C, a similar stratification
can be observed for 4 kDa FITC-dextrans, and the difference
between the 20 and 70 kDa FITC-dextrans is negligible. The
FITC-PEGs (Figure 6D) have a stronger overall response to
the hydrogel mesh radius than the FITC-dextrans that are not
weakened at higher solute sizes. These results suggest a need
for more consideration of the solute type and more precise
parameterization relating hydrogel structural properties to
solute transport.

■ DISCUSSION

With this work, we aimed to use multivariate, high-throughput
experimentation and analysis of solute diffusivity in hydrogels
to challenge model-encoded assumptions about solute and
hydrogel properties. The automated analysis software for
standardized FRAP experiments created for this project will
continue to accelerate FRAP experimental analysis in our
research and as a widely accessible, modifiable MATLAB
program available online (see Supporting Information). The
modified program is optimized for solute diffusion in
hydrogels, as demonstrated by its inability to analyze the
diffusion coefficients of solutes in free solution, where bulk

Figure 6. Solute diffusivity in hydrogels varies with solute size and type as well as hydrogel mesh radius. Solute diffusivities in hydrogels were
grouped by solute size and type (A) to visualize their solute-dependent values and distributions. Error bars excluded for visual clarity. Solute
diffusivities were then organized in response to hydrogel mesh radii, with fluorescein diffusivities further separated by initial polymer volume
fractions to highlight the associated trends (B). FITC-dextran diffusivities (C) and FITC-PEG diffusivities (D) were graphed separately for clarity.
Error bars represent standard deviations (n = 18).
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convection moved the bleached spot away from the center of
the images (Figure S3). However, the 50-fold reduction in
analysis time will compound the efficiency of future experi-
ments, and results can be corroborated by the slower Jönsson
FRAP analysis program and other established methods for
evaluating diffusion coefficients from FRAP data.
The different trends relating solute size to diffusivity in

hydrogels for FITC-dextrans and FITC-PEGs undermine the
modeling assumption that diffusing solutes can be treated as
noninteracting hard spheres defined by their hydrodynamic
radius. The differences observed in hydrogels are enhanced by
comparisons with diffusion in free solution, where both FITC-
dextrans and FITC-PEGs closely matched Stokes−Einstein-
based predictions. The hydrogel-dependent differences there-
fore suggest that either chemistry-dependent solute−network
interactions, such as hydrogen bonding,33,34 or solute
structure-dependent interactions, such as movement via
reptation,35 contribute significantly to effective diffusivities of
FITC-dextrans, FITC-PEGs, or both in hydrogels. Comparable
partition coefficients between FITC-dextrans and FITC-PEGs
(Figure S4), both less than 1, suggest that differences in
chemical interactions are also negligible. Instead, solute-
structure-dependent interactions, also unaddressed by the
current mesh transport models, may cause the observed
differences between FITC-dextrans and FITC-PEGs. PEGs are
linear molecules with an ellipsoid aspect ratio of 2.13,36

whereas dextrans have a more globular random coil shape,37

suggesting that FITC-PEGs may exhibit polymeric reptation
and enhanced anisotropic diffusion along their major axis
within a restrictive hydrogel environment. Regardless of the
specific mechanism behind the differences, the comparison
between FITC-dextrans and FITC-PEGs as well as the
multiscale diffusion model calculating negative values for
FITC-PEGs and nonreal numbers for fluorescein indicate that
current models for solute diffusivity in hydrogels over-
emphasize and incorrectly generalize the effects of solute
size. Solute shape anisotropy and movement via reptation must
be addressed in the next generation of mesh transport models.
Variations in hydrogel formulation based on the initial

polymer volume fraction and the degree of polymerization
between junctions affected both the diffusion coefficients of
solutes and the (physically) immobilized solute fractions of
large solutes. Figure 6B shows that mesh radius can be used to
describe general trends in solute diffusivities, but the
underlying control variables of initial polymer volume fraction
and degree of polymerization further influence solute
diffusivities, creating distinct subtrends in the relationship
between mesh radii and solute diffusivities. These results
broadly suggest that simple models correlating solute
diffusivity to mesh sizes, such as the molecular size exclusion
method,9,10,13 are likely overfitted and therefore misattribute
other hydrogel structural changes to changes in mesh sizes.
Four of the solutes studied here have hydrodynamic radii

within the ranges of hydrogel mesh radii (3−9 nm), yet no
clear interactions or changes in trends were observed at the
solute−mesh crossover points, further suggesting that mesh
radius is an abstraction rather than a direct influence on solute
diffusion in hydrogels. It may prove more effective and
generally applicable to focus on the relationships between
solute diffusivities and specific, synthesis-controlled hydrogel
properties such as the initial polymer volume fraction and
degree of polymerization between junctions. However, even
these parameters may overgeneralize important structural

properties, such as the distribution of degrees of polymer-
ization between junctions in a hydrogel. A large, standardized
dataset of solute diffusivities in many hydrogel formulations,
facilitated by the high-throughput FRAP analysis method, will
help to identify which hydrogel structural parameters have the
greatest effects on solute diffusivities.
Limitations of the current study include the rate and period

of FRAP video capture per experiment, the choice of hydrogel
formulations and solutes studied, and the narrow modeling
approach used. As described in the comparison of Fit 1 and Fit
2 analysis methods, the pairings of large solutes and highly
restrictive hydrogels led to slow diffusion that did not reach
equilibrium within the standard FRAP experimental period.
For this study, general conclusions were drawn regarding
solute diffusion in hydrogels based on glutaraldehyde-cross-
linked PVA hydrogels with variations in two structural
parameters, possibly leading to conclusions that do not apply
in other hydrogel systems. Finally, the modeling approach did
not consider alternatives to the swollen polymer network
model and the multiscale diffusion model, even though many
competing models exist to describe solute diffusion in
hydrogels.38 We provided premodeling data as well as
commented code for the modeling calculations through the
Supporting Information to facilitate reanalysis of the
experimental dataset using new or alternative modeling
methods in the future.
The high-throughput analysis method for solute diffusivities

in hydrogels described here creates a platform for investigating
solute and hydrogel properties not studied here. In addition to
the initial polymer volume fractions and degrees of polymer-
ization between junctions controlled here, we have recently
discussed how changing a hydrogel’s junction functionality and
frequency of chain-end defects might affect solute diffusivity.15

In particular, the distinction between mesh size and mesh
radius is trivial without manipulating junction functionalities.
As discussed above, explicit studies of solute shape on
diffusivity in hydrogels may lead to more generalizable models,
potentially through the use of gold spherical nanoparticles and
nanorods.39,40

FRAP experiments do not address solute partitioning
between bulk aqueous solution and a hydrogel or gradient-
driven diffusion, which are both critical topics for drug delivery
applications. Partitioning and hydrogel interfacial studies will
prove instructive to FRAP experiments by revealing how and
why solutes are excluded from a hydrogel,6,24 and detailed
partitioning studies will reveal whether the solute size
distributions within a hydrogel are representative of the size
distributions found in bulk solution. Furthermore, the diffusion
coefficients calculated from release studies represent gradient-
driven diffusion,7,16 and it remains unclear whether the local
diffusion coefficients measured by FRAP experiments in
hydrogels consistently correlate to release rates. Future work
that coordinates partition, release, and FRAP experiments will
improve our understanding of solute diffusion in and from
hydrogels.

■ CONCLUSIONS
Fluorescence recovery after photobleaching experiments are a
powerful tool for analyzing solute diffusivity within hydrogels.
This article presents a high-throughput method for FRAP
analysis that is used to evaluate structure-diffusivity relation-
ships in 126 pairings of solutes and hydrogel formulations.
Size-dependent trends were not conserved across solute types.
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FITC-dextrans generally reduced in diffusivity with solute size,
but larger FITC-PEGs diffused in hydrogels at greater speeds
than smaller FITC-PEGs, possibly due to increasing shape
anisotropy and movement via reptation. Similarly, the effects of
varying hydrogel formulations on solute diffusivities could not
be reduced to simple size-based effects. Simultaneous variation
of the initial polymer volume fraction and the degree of
polymerization between junctions had distinct effects on solute
diffusivities that could not be generalized based on mesh radii.
We anticipate that these results and an improved method for
high-throughput analysis of FRAP experiments on solutes
diffusing in hydrogels will motivate further studies on solute
and hydrogel properties, ultimately improving hydrogel design
for biomedical applications.
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