
Environment Controls Biomolecule Release from Dynamic Covalent
Hydrogels
Bruno Marco-Dufort, Jack Willi, Felipe Vielba-Gomez, Francesco Gatti, and Mark W. Tibbitt*

Cite This: Biomacromolecules 2021, 22, 146−157 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Moldable hydrogels composed of dynamic covalent bonds
are attractive biomaterials for controlled release, as the dynamic exchange of
bonds in these networks enables minimally invasive application via injection.
Despite the growing interest in the biomedical application of dynamic
covalent hydrogels, there is a lack of fundamental understanding as to how
the network design and local environment control the release of
biomolecules from these materials. In this work, we fabricated boronic-
ester-based dynamic covalent hydrogels for the encapsulation and in vitro
release of a model biologic (β-galactosidase). We systematically investigated
the role of network properties and of the external environment (temperature
and presence of competitive binders) on release from these dynamic
covalent hydrogels. We observed that surface erosion (and associated mass
loss) governed biomolecule release. In addition, we developed a statistical model of surface erosion based on the binding equilibria in
a boundary layer that described the rates of release. In total, our results will guide the design of dynamic covalent hydrogels as
biomaterials for drug delivery applications.

■ INTRODUCTION
Medical care relies on pharmaceutical agents to manage disease
and restore homeostasis. In recent years, there has been
significant progress in the development and approval of new
active pharmaceutical ingredients (APIs), with an emphasis on
biologics including recombinant growth factors, therapeutic
proteins, and nucleic acids.1 However, biologics are not
inherently beneficial; their efficacy depends on being in the
right place in the body, at the right concentration, and at the
right time.2 Thus, a variety of drug delivery systems (DDS)
have been designed to protect and stabilize biologics, control
their release, and deliver them to the tissue of interest in vivo.3

Hydrogels comprise a particularly versatile class of DDS and
have been applied broadly to deliver biologics, including in
oncology, immunology, cardiology, and wound healing.4

Traditionally, polymeric hydrogels are produced via covalent
cross-linking of monomeric or polymeric precursors, forming
water-swollen polymer networks.5 In this approach, the
hydrogel formulation controls the equilibrium swelling ratio
and mesh size, which ultimately dictate the release kinetics of
encapsulated biomolecules.6,7 Responsive hydrogels have been
designed to enable reversible changes in swelling or material
degradation (bulk or surface erosion) as additional handles to
control therapeutic release.4,5 For example, degradable hydro-
gels for the release of biologics have been designed through the
inclusion of hydrolytic ester bonds, enzyme-degradable peptide
linkers, and photodegradable o-nitrobenzylether moieties to
enable controlled cleavage of network strands to tailor the
mesh size and/or mass loss from the gel and, therefore,

release.4,8−12 While chemically cross-linked hydrogels are
broadly useful, their application can be hindered by the need
to implant a formed device or to engineer the fabrication
process for in vivo administration.
As an alternative to chemically cross-linked hydrogels,

hydrogels formed via physical or supramolecular interactions,
including hydrogen bonding, host−guest interactions, peptide
or protein self-assembly, and polymer−colloid interactions,
have been applied as injectable DDS.13 The use of reversible,
noncovalent interactions as cross-links in physical or supra-
molecular hydrogels enables shear-thinning (viscous flow in
response to applied stress) and self-healing (gel recovery when
the stress is relaxed) properties.14,15 Importantly, the shear-
thinning and self-healing nature of these dynamic materials
allows them to be administered locally and in a minimally
invasive manner through syringe or catheter injection.16−18

More recently, researchers have explored dynamic covalent
hydrogels, including through the use of boronic ester cross-
links that form under physiological conditions, as a
complementary class of bioinspired macromolecular materials
for therapeutic encapsulation and release.19 Dynamic covalent
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hydrogels integrate properties of both chemically and physi-
cally cross-linked networks, enabling the formation of robust
yet processable biomaterials.20 As the cross-links are under
thermodynamic control, the local environment, e.g., T, pH, and
concentration of competitive binders, dictates the fraction of
bound cross-links, which can vary in space and time. These
properties have been applied to engineer boronic-ester-based
hydrogels for glucose responsive delivery of insulin and other
biologics.19,21 As the field further develops this class of
materials, a robust understanding of how network properties
and the local chemical environment control release from
dynamic covalent hydrogels is needed. This is critical as the
release behavior from reversibly cross-linked materials can be
more complex than from permanently cross-linked hydro-
gels;22 dynamic covalent hydrogels erode on experimental time
scales and their swelling ratio and mesh size cannot be
calculated using classic equilibrium theories. Therefore, a
robust understanding of how the local chemical environment
controls release from hydrogels with reversible cross-links is
needed to improve the design of more precise medical
therapies.
In this work, we characterize the encapsulation and in vitro

release of a model biologic (β-galactosidase) from boronic-
ester-based dynamic covalent hydrogels. We investigate the
role of network properties and environmental conditions on
biomolecule release from this reversible hydrogel platform. We
highlight the importance of surface erosion (and associated
mass loss) in controlling the release behavior from dynamic
covalent hydrogels. Finally, we introduce a statistical model
that describes how the local chemical environment dictates the
rates of surface erosion, and associated release, in these
networks. These findings advance our understanding of how to
exploit dynamic covalent chemistry for the design of controlled
release technologies.

■ EXPERIMENTAL SECTION
Materials. Chemicals. 4-Arm PEG-NH2HCl (Mn = 10 000 g

mol−1) and 8-Arm PEG-NH2HCl (tripentaerythritol core; Mn =
10 000 g mol−1) were purchased from JenKem Technology USA.
Anhydrous methanol (MeOH), dichloromethane (DCM), 2-
formylphenylboronic acid (2-FPBA), triethylamine, sodium borohy-
dride (NaBH4), D-(+)-gluconic acid δ-lactone (gluconolactone; GL),
2,2-dihydroxyindane-1,3-dione (ninhydrin), hydrochloric acid (HCl),
sodium hydroxide (NaOH), potassium hydroxide (KOH), dimethy-
lammonium chloride, anhydrous magnesium sulfate (MgSO4),
sodium sulfate (Na2SO4), sodium bicarbonate (NaHCO3), deuterated
water (D2O), deuterated methanol (CD3OD), sodium dihydrogen
phosphate (monobasic; NaH2PO4), sodium hydrogen phosphate
(dibasic; Na2HPO4), β-galactosidase from Aspergillus oryzae (β-gal),
ortho-nitrophenyl β-D-galactopyranoside (ONPG), anti-mouse IgG−
Atto 594 (IgG-Atto 594), Alizarin Red S (ARS), D-(−)-fructose
(fructose), D-mannitol (mannitol), D-(+)-glucose (glucose), and
rhodamine B were purchased from Sigma-Aldrich. Regenerated
cellulose dialysis tubing (MWCO 1 kDa) was purchased from
Repligen.
Analytical Techniques. NMR. 1H 1D NMR spectra were

acquired on a Bruker Avance III 400 (Bruker BioSpin GmbH). The
residual undeuterated solvent peak (4.70 ppm for D2O and 3.34 ppm
for CD3OD) was used for reference. The relative integration is
reported as number of protons (H) and the following abbreviations
were used to denote multiplicities: s = singlet, d = doublet, t = triplet,
m = multiplet, and br = broad.
pH Meter. pH was measured using a calibrated pH 1100L precision

pH meter (VWR International GmbH).
Plate Reader. Absorbance and fluorescence measurements were

acquired with a Hidex Sense Microplate Reader (Hidex; Turku,

Finland). Absorbance was measured at 420 nm, using clear 96-well
tissue culture plates (flat bottom). Fluorescence was measured using
black 96-well plates (Microfluor 1; flat bottom). For the fluorescence
measurements of the PBA-ARS adduct, samples were excited at 460
nm and emission was measured at 575 nm. For the fluorescence
measurements of IgG-Atto 594, samples were excited at 590 nm and
emission was measured at 615 nm.

Rheometer. Rheometric characterization was performed using a
strain-controlled shear rheometer (MCR 502; Anton-Paar; Zofingen,
Switzerland) equipped with a Peltier stage to control the temperature
(T = 5−50 °C). Silicone oil was applied to the samples to prevent
drying and all experiments were performed at 25 °C unless stated
otherwise. All measurements were performed using a 20 mm parallel
plate geometry with a gap of 0.5 mm. Motor adjustments were
performed prior to each experiment. The samples were prepared at
least 2 h before each experiment to allow for complete gelation. The
samples were loaded by placing them directly on the Peltier plate and
lowering the geometry to the desired gap. After loading, the samples
were equilibrated to the set temperature for at least 15 min (γ = 0.1%;
ω = 1 rad s−1). Frequency sweep experiments (FS) were performed at
γ = 1% (within the linear viscoelastic regime as determined from
strain sweep experiments) for ω = 100−0.01 rad s−1.

Methods. Synthesis. 1D 1H NMR spectra for the synthesized
compounds can be found in Supporting Information SI 1.

The synthesis of 4-arm PEG-APBA was performed according to a
published procedure with some modifications.19 4-Arm PEG-
NH2HCl (2.0 g, 0.2 mmol; Mn = 10 000 g mol−1) was dissolved in
anhydrous MeOH (10 mL) in a round-bottom flask equipped with a
stir bar. Triethylamine (0.5 mL, 3.6 mmol) and 2-formylphenylbor-
onic acid (180 mg, 1.2 mmol) were added to the reaction, and it was
left to proceed for 72 h at room temperature under argon gas. The
reaction was then cooled on ice to 4 °C, and NaBH4 (90 mg, 2.4
mmol) was added portion wise. The reaction was left to proceed for
12 h at room temperature, after removing the ice bath. MeOH was
evaporated and the remaining product was dissolved in DI water. The
pH of the aqueous solution was balanced to 7 (using 1 M HCl),
dialyzed against DI water for 72 h (1 kDa MWCO), filtered (0.2 μm),
and then lyophilized to yield a white powder. 1H (400 MHz, D2O): δ
7.4−7.1 (m, 16 H), 4.0 (s, 8 H), 3.6 (m, 892 H), 3.0 (t, 8 H). The
degree of functionalization determined from 1H NMR was ≈85%
(theoretical Mn = 10 480 g mol−1).

The synthesis of 4-arm PEG-GL was performed according to a
published procedure with some modifications.19 4-Arm PEG-
NH2HCl (2.0 g, 0.2 mmol; Mn = 10 000 g mol−1) was dissolved in
anhydrous MeOH (50 mL) in a round-bottom flask equipped with a
stir bar, followed by the addition of triethylamine (1.0 mL, 7.2 mmol)
and D-(+)-gluconic acid δ-lactone (285 mg, 1.6 mmol). The reaction
was allowed to proceed for 72 h at room temperature. At this point,
the extent of the reaction was monitored by performing a ninhydrin
test, to detect the presence of free amines (blue = unreacted amines
still present; yellow/colorless = amines successfully coupled). If free
amines persisted, additional triethylamine (1.0 mL, 7.2 mmol) and D-
(+)-gluconic acid δ-lactone (285 mg, 1.6 mmol) were added, and the
reaction was left to proceed for another 24−72 h at room
temperature. After evaporation of the MeOH, the remaining product
was dissolved in DI water. The pH of the aqueous solution was
balanced to 7 (using 1 M NaOH), dialyzed against DI water for 72 h
(1 kDa MWCO), filtered (0.2 μm), and then lyophilized to yield a
white powder. 1H (400 MHz, D2O): δ 4.3 (d, 4 H), 4.0 (t, 4 H), 3.6
(m, 924 H). The degree of functionalization determined from 1H
NMR was ≈85% (theoretical Mn = 10 713 g mol−1).

The syntheses of 8-arm PEG-APBA and 8-arm PEG-GL were
performed according to the same procedures as above, but the
amounts of each reagent added were adjusted to account for the
higher stoichiometry of NH2 in the 8-arm PEG. The degree of
functionalization determined from 1H NMR was ≈85% for 8-arm
PEG-APBA (theoretical Mn = 11 094 g mol−1) and ≈85% for 8-arm
PEG-GL (theoretical Mn = 11 447 g mol−1).

The synthesis of 2-((dimethylamino)methyl)phenylboronic acid
(DAPBA) was performed according to a published procedure with
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some modifications.23 Dimethylammonium chloride (3.25 g, 40
mmol) was dissolved in anhydrous MeOH (30 mL) in a 250 mL
round-bottom flask equipped with a stir bar, followed by the addition
of KOH (2.25 g, 40 mmol). After the KOH pellets were completely
dissolved, anhydrous MgSO4 (15 g) was added to scavenge water.
Next, 2-formylphenylboronic acid (3.0 g, 20 mmol) was added and
the solution was stirred at room temperature for 2 h. Afterward, the
slurry was cooled on ice to 4 °C, and NaBH4 (1.2 g, 30 mmol) was
added portion wise. The reaction was left to proceed for 12 h at room
temperature, after removing the ice bath. After filtering the slurry to
remove the salts, the remaining MeOH was evaporated. DI water (30
mL) and saturated NaHCO3 (30 mL) were added to the solution, and
the product was extracted with DCM (3 × 300 mL). The DCM
phases were combined, dried over Na2SO4, filtered, and the DCM was
evaporated to yield a white powder (≈60% yield; 179.03 g mol−1) 1H
(400 MHz, CD3OD): δ 7.5−7.1 (m, 4 H), 4.0 (s, 2 H), 2.6 (s, 6 H).
Formation of Hydrogels. Aqueous stock solutions of the network-

forming precursors, phenylboronic acid-containing (PEG-APBA) and
diol-containing (PEG-GL), were prepared in 0.1 M phosphate buffer
(0.086 M dibasic and 0.014 M monobasic; pH adjusted to 7.5 using 1
M HCl or 1 M NaOH). To fabricate the gels, equivalent volumes of
the two stock solutions were combined and gelation occurred within
10 s. All samples were formed at least 2 h before use, to ensure
complete gelation. Unless otherwise stated, 4-arm PEG APBA/GL
was used and the final concentration of polymer in the networks was
10 wt/wt % PEG.
Mass Loss Experiments. Gels were formed at the bottom of 2 mL

reaction tubes (#623201; Greiner Bio-One). After centrifugation (1
min), gels were molded into a conical shape. The total volume of the
gels was 40 μL. To release the samples, the gels in the tube were
immersed in phosphate buffer (pH 7.5; 2.0 mL) at 4, 25, and 37 °C.
At defined times, the supernatant was removed and the tubes, with the
remaining gel inside, were lyophilized. The mass of the empty tubes,
before gel formation, was subtracted from the mass of the tubes
containing the dried polymer, to quantify the fractional mass loss of
polymer as a function of time, M(t)/M0, where M(t) is the cumulative
mass lost at time t and M0 is the total mass of the initial gel.
β-Gal Release Experiments. Gels were loaded with β-galactosidase

(β-gal) by mixing 10 μL of aqueous β-gal stock solution (40 mg mL−1

β-gal; 0.1 M phosphate, pH 7.5) with 15 μL of PEG-GL and 15 μL of
PEG-APBA stock solutions. The concentration of the PEG stock
solutions was adjusted to yield the desired final polymer content (5,
10, or 20 wt/wt %). For example, 13.33 wt/wt % PEG stocks were
required to yield a final concentration of 10 wt/wt % PEG. As above,
conical-shaped gels were formed at the bottom of 2 mL reaction tubes
after centrifugation (1 min). The total volume of the gels was 40 μL.
To release the β-gal, the gels in the tube were immersed in phosphate
buffer (pH 7.5; 2.0 mL) at 4, 25, and 37 °C. In some experiments, a
sugar (fructose, mannitol, or glucose), at a range of concentrations
(1−170 mg mL−1; 0.0055−1.1 M), was included in the release buffer
formulation. In all cases, the supernatant was assessed at defined time
points for β-gal activity by taking small test samples (50 μL) for
further analysis (see below) and the removed supernatant was
replaced with fresh release buffer (50 μL).
To select the concentration of β-gal in the gels, we characterized

the release kinetics for three different loadings of β-gal in the gels (1,
2.5, and 10 mg mL−1; SI 2). While the amount of enzyme in the gels
slightly affected release rates when no releasing sugar was present, the
effect of β-gal loading on the release was not a significant factor for
erosion-based release from the gels (Figure S6). Therefore, 10 mg
mL−1 was selected as the final concentration of β-gal in the gels for all
conditions.
Characterization of β-Galactosidase Activity. The encapsulated

β-gal was released in its active form; therefore, β-gal activity in the
supernatant was used to quantify the fractional release of protein as a
function of time, β-gal(t)/β-gal0 via colorimetry. β-Gal activity was
measured using ortho-nitrophenyl-β-galactopyranoside (ONPG)
according to the manufacturer’s protocol (Sigma-Aldrich). Briefly,
room-temperature ONPG (16 mM in 0.1 M phosphate buffer; pH
adjusted to 7.5) was mixed 2:1 with the β-gal test solution in a 96-well

plate (ONPG:β-gal test solution; 100 μL:50 μL). β-Gal catalyzes the
hydrolysis of ONPG to release ortho-nitrophenol, a chromogenic
substrate with maximal absorbance at 420 nm. Absorbance at 420 nm
was measured every 60 s for 10 min, and the mean slope of the
resultant curve was recorded. To quantify β-gal(t)/β-gal0, the mean
slope of the β-gal test solution at each time point was compared to
that of freshly prepared β-gal solution (200 μg/mL). β-gal(t) is the
cumulative amount of active β-gal released at time, t, and β-gal0 is the
total amount of β-gal loaded into the gel initially.

IgG-Atto 594 Release Experiments. Gels were loaded with IgG-
Atto 594 (IgG) by mixing 10 μL of aqueous IgG stock solution (1 mg
mL−1 IgG; undiluted) with 15 μL of PEG-GL and 15 μL of PEG-
APBA stock solutions. The concentration of the PEG stock solutions
was adjusted to yield the desired final polymer content. Here, 13.33
wt/wt % PEG stocks were used to yield a final concentration of 10
wt/wt % PEG. As for the β-gal release experiments, conical-shaped
gels were formed at the bottom of 2 mL reaction tubes after
centrifugation (1 min). The total volume of the gels was 40 μL and
the final concentration of IgG in the gels was 0.25 mg mL−1. To
release the IgG, the gels in the tube were immersed in phosphate
buffer (pH 7.5; 2.0 mL) at 25 °C. In some experiments, mannitol
(100 mg mL−1) was included in the release buffer formulation. In
both cases, the concentration IgG in the supernatant was assessed at
defined time points by taking small test samples (100 μL) and
measuring the fluorescence of the IgG using the plate reader (λexcitation
= 590 nm and λemission = 615 nm). The removed supernatant was
replaced with fresh release buffer (100 μL).

Keq,D Measurements. The equilibrium binding constant (Keq,D)
between phenylboronic acid (PBA) derivatives and various sugars was
determined following previously published methods.23,24 In brief, a
fluorescence-based competitive displacement assay was used involving
three components: a PBA derivative (2-FPBA, DAPBA, or PEG-
APBA), a diol (fructose, mannitol, or glucose), and Alizarin Red S
(ARS; a diol-containing fluorescent reporter). All the stock solutions
were prepared in 0.1 M phosphate buffer adjusted to pH 7.5 and at T
= 25 °C. The PBA-ARS equilibrium (KARS) was first determined by
titrating PBA (initially 2 mM) into ARS (0.009 mM) and measuring
the fluorescence increase due to the formation of the PBA-ARS
adduct (λexcitation = 460 nm and λemission = 575 nm). From there, Keq,D
was determined by titrating the diol (with the initial concentration
depending on the strength of the PBA-diol interaction) into the PBA/
ARS solution and monitoring the decrease in fluorescence caused by
the competitive displacement of the ARS by the diol. Calculation
details and representative titration curves for KARS and Keq,D
determination can be found in SI 3. For 2-FPBA, we found that
Keq,D = [330, 270, 15] for fructose, mannitol, and glucose,
respectively. For DAPBA, we found that Keq,D = [90, 85, n/d] for
fructose, mannitol, and glucose, respectively (Keq,D of DAPBA and
glucose was too small to be determined). For PEG-APBA, we found
that Keq,D = [40, 20, 3] for fructose, mannitol, and glucose,
respectively.

Keq Measurements. The equilibrium constant (Keq) between the
components that comprise the network (PEG-APBA and PEG-GL)
was determined through rheometric analysis.25 The plateau modulus
of the gel, Gp, at different polymer concentrations (wt/wt %) was fit
to a modified version of the classic phantom network model for ideal
networks (4-arm PEG-APBA/GL; pH 7.5, 25 °C; γ = 1%; SI 4). This
model accounts for the modulation of formed cross-links based on Keq
and the concentration of reactive groups.26,27 From the fit of Gp as a
function of wt/wt %, a single value for the reaction Gibbs free energy,
ΔGr

0, was determined, which was used to calculate Keq at each
temperature according to

Δ = −°G RT Klnr eq (1)

We found that Keq = [195, 240, 370] for T = 37, 25, and 4 °C,
respectively.

Model of Erosion in Dynamic Covalent Networks. Model
Development. We developed a statistical model of surface erosion in
dynamic covalent networks based on the binding equilibrium between
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network forming species, a mean-field description of network
connectivity, and free polymer chain diffusion.28,29 To compare gel
erosion with protein diffusion, we calculated the effective time scales
of erosion and diffusion in the gels. Based on studies for biomolecules
in 10 wt/wt % PEG-based hydrogsl, we assumed a β-gal diffusion
coefficient, Dβgal, of 4.0 μm2 s−1.30 The gels were formed in the
bottom of 2.0 mL reaction tubes as truncated cones with a height, h,
of 2.68 mm for 40 μL gels. We defined the time scale for diffusion as
τD = h2/4Dβgal ≈ 125 h and the time scale for erosion as τE = h/2B,
where B is the erosion rate (mm h−1). Following the approach of Lee,
we used a dimensionless parameter to estimate the ratio of the
kinetics of erosion to diffusion in the system as α = Bh/2Dβgal.

31 As
the rate of β-gal diffusion was slow compared to the observed rates of
erosion in the majority of samples tested here (α > 10), we assumed
that β-gal release occurred through erosion-based mass loss from the
gel.
Next, we defined a characteristic time scale for the system as the

relaxation time, τr, of the hydrogel, measured by shear rheometry. The
network structure of the gel was treated as static for t < τr, and the
network was allowed to rearrange at t = τr. We focused our analysis of
erosion on a boundary layer at the interface of the surface of the gel
and the release buffer.29,32 We defined a critical length scale of the
boundary layer as the distance that a free (nonassociated) polymer
chain can diffuse during the relaxation time, lc = (Dpτr)

1/2, where Dp is
the diffusion coefficient of a nonassociated polymer chain. We

assumed that Dp = 15 μm2 s−1 in the boundary layer during the
relaxation time, as we treated free polymer chains as nonassociating
polymers for t < τr.

33,34

Within this boundary layer, we applied a mean-field approach to
calculate the fraction of bound boronic esters, p, based on the binding
equilibrium of the network forming species. In the absence of a
competitive diol,27
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where cgel is the concentration of the network in the boundary layer, f
is the functionality of the network forming polymers, and Keq is the
equilibrium constant for the boronic acid and diol that comprise the
network. In the presence of a competitive diol, p was determined by
solving the following expression that describes competitive binding for
p:35
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where [diol]eff is the effective concentration of the competitive diol in
the boundary layer and Keq,D is the equilibrium binding constant

Figure 1. Network dynamics and binding equilibrium control release in dynamic covalent networks. (a) Ideal boronic-ester-based hydrogels were
formed via reversible covalent bonding between boronic acid (red) and diol (blue), forming dynamic boronic esters (orange). 4-Arm and 8-arm
poly(ethylene glycol) (PEG) macromers (10 000 g mol−1) were end-functionalized with either a boronic acid (APBA) or with a diol (GL). (b)
Boronic-ester-based networks exhibited canonical Maxwell model behavior for ideal reversible networks, modeled as a spring and a dashpot in
series. The relaxation time, τr, characterized the dynamics of network strand rearrangement (4-arm PEG-APBA/GL, 10 wt/wt %; pH 7.5; γ = 1%).
(c) The plateau modulus, Gp, of the gels at different polymer concentrations was used to calculate the equilibrium constant, Keq, of the boronic
ester junctions (4-arm PEG-APBA/GL; pH 7.5; γ = 1%). (d) Release of biomolecules in reversible hydrogels occurs through a combination of
diffusion and surface erosion of the network.

Biomacromolecules pubs.acs.org/Biomac Article

https://dx.doi.org/10.1021/acs.biomac.0c00895
Biomacromolecules 2021, 22, 146−157

149

https://pubs.acs.org/doi/10.1021/acs.biomac.0c00895?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00895?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00895?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00895?fig=fig1&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://dx.doi.org/10.1021/acs.biomac.0c00895?ref=pdf


between the boronic acid and the competitive diol. From p, we
calculated the sol fraction in the boundary layer, Psol. When p drops
below pc, the critical percolation threshold, the network will pass
through a reverse gel point locally and the boundary layer will dissolve
completely (Psol = 1).28 Based on equal stoichiometry of the boronic
acid and diol in our networks, = −p

fc
1

( 1)
, pc = 0.33 or 0.14 for f = 4

or 8, respectively.36−38 For p ≥ pc, we calculated Psol through the
following recursive relation

= − + −P p pP(1 )f f f
sol
1/

sol
( 1)/

(4)

given the functionality of the network, f.
We then defined an erosion rate B = lc/tc, where tc is the critical

time required to dissolve this boundary layer. For the cases where the
boundary layer dissolved (Psol = 1; p ≤ pc) within τr, we equated tc
with τr and B = (Dp/τr)

1/2. When the boundary layer did not dissolve
within τr, we estimated the critical time for the boundary layer to
dissolve, tc, by iterating forward in time steps of τr until Psol = 1 (p ≤
pc) at time step j. We calculated j by tracking the behavior of the
boundary layer during the iterative time steps of τr. Within each time
step, the network structure of the gel was treated as static with a given
fraction of bound esters, p, which depended on eq 2 or 3. In the
iterative steps, cgel = cgel

i, where cgel
i is the polymer concentration in the

boundary layer in the ith time step. Based on the assumptions above
(free chains are treated as nonassociating polymers and the length
scale of the boundary layer is defined by diffusion of free chains), the
entire sol fraction in the boundary layer was removed from the gel
during each time step. If Psol < 1 (p > pc), we then evaluated the next,
(i + 1)th, time step of τr in the boundary layer. As the diffusion
coefficient for associating polymers in associating polymer networks is
orders of magnitude smaller than nonassociating polymers, we treated
the boundary layer as an isolated system that did not exchange mass
with subsequent layers.33,34 The boundary layer was allowed to
rearrange with a new gel concentration, cgel

i+1 = cgel
i(1 − Psol). We

assumed that Psol was composed equally of PEG-APBA and PEG-GL.
We then calculated p and Psol for the (i + 1)th time step. The process
was repeatedly iteratively until Psol = 1 (p ≤ pc) at time step j. Thus,
the critical time scale for dissolution of the boundary was defined as tc
= jτr and B = (1/j)(Dp/τr)

1/2.
As β-gal release was highly affected by the presence of competitive

cis-diols, we adapted our model to account for the effect of
competitive displacement on p and, thus, Psol at each time step.
Here, we applied eq 3 to calculate p, accounting for Keq,D and [diol]eff,
where [diol]eff is the effective concentration of the competitive cis-diol
in the boundary layer. The true concentration of competitive diol in
the boundary layer varies spatially and temporally based on diffusion
into the gel, reversible binding with free and bound APBA moieties
within the boundary layer, and the erosion of the boundary layer. A
rigorous treatment of this problem was beyond the current work.
Instead, we assumed that [diol]eff = [diol]0, where [diol]0 is the
concentration of competitive diol in the buffer.
In this manner, the model described the erosion rate with or

without competitive displacement and returned a constant erosion
rate, B. The erosion rate was combined with an expression for the
mass loss of the gel based on the geometry of the gels that formed in
the bottom of 2.0 mL reaction tubes as truncated cones:

π
θ

= − [ − − ]M t
M V

h Bt h
( )

1
3 tan

( ) f
0 0

2 0
3 3

(5)

where h0 is the height of the full cone, hf is the height of the truncated
conical cap, θ is the angle of the cone, and V0 is the volume of the gel.
For 40 μL gels formed at the bottom of the 2.0 mL reaction tubes, h0
= 3.9 mm, hf = 1.22 mm, and θ = 51°. This resulted in a height, h, of
the gel of 2.68 mm. In all cases, we assumed a constant erosion rate
and the mass loss (β-gal release) for the gel samples was calculated
using eq 5 and the calculated B.
Model Calculations. The model was written and executed in

Python (version 3.7.6) using the NumPy (www.numpy.org) and
SciPy (www.scipy.org) libraries. A constant erosion rate, B, was

returned given the appropriate inputs for the specified system: cgel
0 =

[0.005, 0.01, 0.02 M]; f = [4, 8]; Keq = [195, 240, 370] for T = 37, 25,
and 4 °C, respectively; τr = [1.2, 3.3, 20 s] for T = 37, 25, and 4 °C,
respectively; [diol]0 = [0, 1, 10, 50, 100, 170 mg mL−1]; Keq,D = [40,
20, 3] for fructose, mannitol, and glucose, respectively.

■ RESULTS AND DISCUSSION

Fabrication of Ideal Dynamic Covalent Hydrogels
through Boronic Ester Formation. Ideal dynamic covalent
hydrogels were formed via boronic ester formation from 4-arm
and 8-arm poly(ethylene glycol) (PEG) macromers (Mn ≈
10 000 g mol−1), end-functionalized with a phenylboronic acid
derivative (APBA) or a cis-1,2-diol containing moiety (GL)
(Figure 1a). Robust hydrogels formed quickly (≈ 1−10 s) after
mixing equimolar amounts of PEG-APBA and PEG-GL.
Rheometric analysis showed that the storage modulus,
G′(ω), and the loss modulus, G″(ω), of the gels scaled as
G′(ω) ∝ ω2 and G″(ω) ∝ ω1 at low ω, following standard
scaling for terminal relaxation in the Maxwell model of linear
viscoelasticity. This confirmed that the boronic-ester-based
hydrogels behaved as ideal reversible networks and could be
modeled as a single Maxwell element with a spring and a
dashpot in series (Figure 1b).27,39 Indeed, the materials
exhibited a well-defined plateau modulus, Gp, and a single
relaxation time, τr. Here, the shear plateau modulus, Gp,
describes the energy stored within the material upon small
deformations and depends on the concentration of elastically
active chains. The relaxation time, τr, depends on the dynamics
of the reversible cross-links and represents the transition
between elastic behavior, at high ω, and viscous behavior, at
lower ω.25

In a dynamic covalent hydrogel, the network junctions are
able to break and form reversibly.40 Therefore, the plateau
modulus of the gels, Gp, is related to the stability of the
underlying boronic ester cross-links, as dictated by the
equilibrium constant, Keq.

27 In addition, the dynamics of
network strand rearrangement are characterized by τr, which is
inversely related to the lifetime of the junction.41 To
investigate the effects of the network dynamics, τr, and the
binding equilibrium, Keq, on release in dynamic covalent
hydrogels, we calculated τr and Keq as a function of
temperature using shear rheometry; τr = [1.2, 3.3, 20 s] and
Keq = [195, 240, 370] for T = 37, 25, and 4 °C, respectively
(Figure 1c and d).

Network Dynamics (τr) and Binding Equilibrium (Keq)
Control Release in Dynamic Covalent Hydrogels. We
prepared boronic-ester-based dynamic covalent hydrogels (4-
arm PEG-APBA/GL, 10 wt/wt %; pH 7.5) with encapsulated
β-galactosidase (β-gal, a model bioactive enzyme; 10 mg
mL−1). The release rate for β-gal was comparable to the release
rate for an IgG antibody (IgG-Atto 594) with and without a
competitive diol, demonstrating that β-gal can be used as a
model biologic (Figure S14; SI 5). To investigate how
temperature influences the release of encapsulated biologics,
we formed β-gal-loaded gels (40 μL) at the bottom of 2.0 mL
reaction tubes. The gels were immersed in phosphate buffer
(pH 7.5; 2.0 mL) at 4, 25, and 37 °C. At defined time points,
the supernatant was assessed for β-gal activity by taking test
samples (50 μL). As encapsulated β-gal was released in its
active form in all samples, β-gal activity, characterized via
colorimetry, was used to quantify the fractional release of
protein as a function of time, β-gal(t)/β-gal0. β-gal(t) is the
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cumulative amount of active β-gal released at time, t, and β-gal0
is the total amount of β-gal loaded into the gel initially.
The kinetics of release increased with T (Figure 2a). As

shown above, the dynamics, τr, and equilibrium constant, Keq,
in the boronic-ester-based gels vary with temperature; τr and
Keq both decrease with increasing T (Figure 1b,c). This
indicated that samples with faster dynamics (lower τr) and
weaker binding (lower Keq) between diol and boronic acid
resulted in increased release kinetics. This is expected, as
networks with faster dynamics rearrange more quickly and
networks with weaker binding have a lower fraction of formed
cross-links (boronic ester bonds). Both of these changes in the
network properties could accelerate diffusion of β-gal through
the gel (through decreased cross-link density and increased
mesh size) and increase the rate of surface erosion of the gel
(through decreased cross-link density, increased sol fraction,
and increased free polymer chain mobility) (Figure 1d).
Erosion-Dominated Release of β-Gal Occurs at

Elevated Temperatures. To investigate the relative extent
of erosion-based release and diffusion-based release, we
quantified the mass loss in non-β-gal-loaded gels with the
same experimental conditions (Figure 2b). The mass loss data
was plotted as M(t)/M0, where M(t) is the cumulative mass
loss at time t and M0 is the total mass of the initial gel. If the
process was dominated by erosion, we would expect the β-gal
release and mass loss curves to superimpose. If the process was
dominated by diffusion, we would expect cumulative β-gal
release to outpace mass loss during the time course of the
experiment. We observed an overlay of the β-gal release and
mass loss curves at 37 °C, whereas the enzyme release
outpaced mass loss at 25 and 4 °C (Figure 2 and SI 6). This
indicated that, at elevated T (lower τr and Keq), β-gal release
was erosion-dominated; at lower T, release occurred through a
combination of β-gal diffusion and hydrogel erosion.
To compare the extent of erosion with the extent of

diffusion, we considered their effective time scales in the
system. We assumed a diffusion coefficient for β-gal, Dβgal, of
4.0 μm2 s−1, based on similar diffusion coefficients for large
biomolecules in 10 wt/wt % PEG-based hydrogels.30 The gels
were formed in the bottom of 2.0 mL reaction tubes as
truncated cones with a height, h, of 2.68 mm for 40 μL gels. A
characteristic time scale for pure diffusion was defined as τD =

h2/4Dβgal ≈ 125 h, and a characteristic time scale for erosion
was defined as τE = h/2B, where B is the erosion rate (mm
h−1). We defined a dimensionless parameter to characterize the
ratio of the kinetics of erosion to diffusion in the system as α =
Bh/2Dβgal, following the analysis of Lee.31 In this approach,
diffusion can be ignored when α ≥ 10, which corresponded to
a critical erosion rate of 0.11 mm h−1 for our system. This
implied an approximate erosion time of 12 h, and therefore, we
assumed that any release that occurred in 12 h or less (B ≥
0.11 mm h−1) to be erosion-dominated.
To estimate the erosion rates from mass loss data, we fit an

expression for the expected mass loss profile in the truncated
conical gels given a constant erosion rate, B. Fitting eq 5 to the
first 6 h of the mass loss data resulted in estimated erosion
rates of 0.048, 0.088, and 0.24 mm h−1 for 4, 25, and 37 °C,
respectively, corresponding to α = 4.5, 8.2, and 22.3. This
analysis indicated that β-gal release was erosion-dominated at
37 °C (α > 10; total time of release ≈12 h), mostly erosion at
25 °C (α ≈ 10; total time of release < 24 h), and a mixture of
erosion and diffusion at 4 °C (α < 10; total time of release >24
h). This was supported by the overlay of the mass loss and
release data at 37 °C (SI 6). In addition, we observed swelling
of the hydrogel samples at 25 and, especially, at 4 °C, which
further complicated release in nonerosion-dominated samples
(SI 7).

Competitive Displacement Accelerates Erosion in
Dynamic Covalent Hydrogels. Competitive displacement
of boronic ester cross-links via the addition of cis-diol
containing moieties modulates the cross-linking density and/
or dissolves boronic-ester-based dynamic covalent hydrogels
(SI 8).19 As such, these gels have been used as glucose-
responsive drug delivery systems, where release is controlled by
the local glucose concentration through network changes upon
glucose binding.19,21,42 However, there is limited data on the
relative effect of different cis-diol containing moieties, including
non-glucose sugars, on release in boronic-ester-based hydro-
gels. To investigate systematically the influence of cis-diol
containing sugars on release, we prepared β-gal-loaded gels for
release into phosphate buffer (pH 7.5, 25 °C; 2.0 mL)
containing fructose, mannitol, or glucose (100 mg mL−1; 0.55
M). In each case, the addition of sugar accelerated release
relative to a control without competitive displacement and the

Figure 2. Release kinetics in boronic-ester-based hydrogels increased with temperature. (a) Fractional release of β-galactosidase over time, β-
gal(t)/β-gal0, and (b) fractional gel mass loss over time, M(t)/M0, were determined at 4, 25, and 37 °C (4-arm PEG-APBA/GL, 10 wt/wt %; pH
7.5; 2.0 mL). In addition,M(t)/M0 at 4, 25, and 37 °C was fitted to our erosion-based release model (eq 5; cgel

0 = 0.01 M, f = 4). All measurements
are reported as triplicates with the mean ± standard deviation.
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release was erosion-dominated (time of release < 12 h; Figure
3a). The addition of fructose led to the fastest release/erosion,
followed by mannitol, and then glucose. Supporting
Information Movie 1 shows a 5 min time-lapse of a bolus
gel that was released in 100 mg mL−1 fructose (4-arm PEG
APBA/GL, 10 wt/wt %; pH 7.5, 25 °C), demonstrating
erosion-dominated release. The sample was loaded with a
small molecule dye (rhodamine B; 0.5 mg mL−1) for
visualization.
To understand β-gal release and gel erosion in the presence

of a competitive cis-diol, we measured the equilibrium binding
constant, Keq,D, between different boronic acids (2-FPBA,
DAPBA, or PEG-APBA) and each of the sugars using a
fluorescence-based assay. For PEG-APBA, Keq,D was calculated
as 40, 20, and 3 for fructose, mannitol, and glucose,
respectively. Thus, the rate of release/erosion scaled with
Keq,D. Further, this demonstrates that boronic-ester-based
materials are more sensitive to other cis-diols than glucose,
which should be considered when designing responsive drug
delivery systems for in vivo application. In fact, studies have
shown that the most stable boronic-acid−diol complexes are
formed with diols on furanose rings. This explains how
Keq,D

fructose ≫ Keq,D
glucose, despite their structural similarities, as

the natural composition of glucose is 0.14% furanose, while
fructose is composed of 25% furanose.20,43

While temperature modulated Keq and τr in the gel,
competitive displacement affected network behavior by shifting
the equilibrium binding of APBA and GL, leading to a decrease
in the local cross-link density in the gel. The fraction of bound
boronic esters, p, was calculated by treating the addition of a
second cis-diol as a competitive inhibition (eq 3).35 Equation 3
was solved for p in each case and described how increasing
Keq,D decreased the local fraction of bound boronic esters or
cross-link density. When p dropped below pc, the critical
percolation threshold, the network passed through a reverse gel
point and dissolved.28

Erosion Rate Depends on the Concentration of the
Competitive Diol. As the fraction of bound boronic esters
depends on Keq,D and [diol], we investigated the release
behavior in buffers with a range of mannitol concentration (1−
170 mg mL−1; 0.0055−1.1 M). As expected, the release rate
increased with increasing [diol] and the release was dominated
by erosion in all cases (Figure 3b; time of release ≤ 12 h).
While the addition of a competitive diol alters p, which can
influence both the rate of erosion and the rate of diffusion of
the biologic within the gel, the effect on β-gal diffusion was not

Figure 3. Environmental conditions and network architecture dictate the release kinetics in boronic-ester-based hydrogels. Different release buffers
were formulated to study (a) the influence of disparate cis-diol containing sugars (fructose, mannitol, or glucose; 100 mg mL−1; 0.55 M) and (b)
the effect of varying the sugar concentration (mannitol; 1−170 mg mL−1; 0.0055−1.1 M) on the fractional release of β-galactosidase over time, β-
gal(t)/β-gal0 (4-arm PEG-APBA/GL, 10 wt/wt %; pH 7.5, 25 °C; 2.0 mL). We also investigated (c) the effects of varying the polymer content (4-
arm PEG-APBA/GL; 5, 10, or 20 wt/wt %) and (d) the functionality of the networks (4-arm or 8-arm PEG-APBA/GL; 10 wt/wt %), by fixing the
content of the release buffer (100 mg mL−1 mannitol; pH 7.5, 25 °C; 2.0 mL). All measurements are reported as triplicates with the mean ±
standard deviation.
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considered as we observed erosion-dominated release in all
samples.
These data demonstrated how the concentration of an

exogenous diol can be used to tailor release from boronic-
ester-based dynamic covalent hydrogels. While diol-responsive
behavior is useful and has been applied to design glucose-
triggered drug delivery systems, both the equilibrium binding
constant, Keq,D, and the concentrations of all potential cis-diols
should be considered when designing such systems, as the
addition of small amounts of mannitol (Keq,D

mannitol ≫
Keq,D

glucose) significantly accelerated erosion in these gels.
Increased Network Density Slows Erosion-Based

Release. In addition to the concentration of the competitive
diol, we investigated how the network density (wt/wt %) and
functionality, f, influenced erosion-based release. Here, we
fixed the content of the phosphate release buffer (100 mg
mL−1 mannitol; pH 7.5; 2.0 mL; 25 °C) and varied the
polymer content (5, 10, and 20 wt/wt %; f = 4) or the
functionality ( f = 4 or 8; 10 wt/wt %). As expected, decreasing
the polymer content accelerated erosion in the dynamic

covalent hydrogels, whereas increasing the polymer content or
the functionality slowed erosion (Figure 3c,d). This can be
understood by considering the role of pc, p, and Psol on erosion
in these networks. The critical extent of reaction to ensure
gelation, pc, depends on f: pc = 0.33 for f = 4 and pc = 0.14 for f
= 8. Thus, increasing the connectivity of the network, f,
requires a lower fraction of bound esters before the network
dissolves, slowing the rate of erosion. Further, p and Psol both
depend on wt/wt % and f, such that increasing wt/wt % or f
leads to a corresponding increase in p and decrease in Psol. As
observed, both effects slow erosion in dynamic covalent
hydrogels.

A Statistical Model Describes Erosion-Based Release
in Dynamic Covalent Hydrogels. To describe erosion-
based release in dynamic covalent hydrogels, we developed a
statistical model of biomolecule release from the boronic-ester-
based hydrogels. As the rate of β-gal diffusion was slow
compared to the observed erosion rates (α = Bh/2Dβgal > 10),
we constrained the model to surface erosion of the gels.
Therefore, we focused our analysis on the behavior of a

Figure 4. Erosion at the surface of dynamic covalent hydrogels predicts biomolecule release. (a) A statistical model was developed to describe the
observed release based on the binding equilibria in a boundary layer at the interface between the gels and the buffer. The erosion rate, B, was
determined from the characteristic length scale of the boundary layer, lc (set by the diffusion of free polymer), and the characteristic time scale of
the system, τr (the relaxation time of the network). After B was calculated, eq 5 was used to model the release at 4, 25, and 37 °C (PEG-APBA/GL;
cgel

0 = 0.01 M, f = 4). Model predictions were compared with (b) the fractional release of β-galactosidase over time, β-gal(t)/β-gal0, and (c) the
fractional gel mass loss over time, M(t)/M0 (4-arm PEG-APBA/GL, 10 wt/wt %; pH 7.5; 2.0 mL). All measurements are reported as triplicates
with the mean ± standard deviation.
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boundary layer at the interface between the hydrogel and the
release buffer (Figure 4a).29,32 We set a characteristic time
scale for the system as the relaxation time, τr, of the hydrogel.
The network structure of the gel was treated as static for t < τr,
and the network was allowed to rearrange at t = τr. To define a
length scale of the boundary layer, we considered the distance
that a free (nonassociated) polymer chain can diffuse during
the relaxation time, lc = (Dpτr)

1/2, where Dp is the diffusion
coefficient of a nonassociated polymer chain. We assumed that
Dp = 15 μm2 s−1 in the boundary layer during the relaxation
time, as we treated free polymer chains as nonassociating
polymers in this regime.34 As the diffusion coefficient for
associating polymers in associating polymer networks is orders
of magnitude smaller than that of nonassociating polymers, we
treated the boundary layer as an isolated system that did not
exchange mass with other layers of the gel.33

We then defined an erosion rate B = lc/tc, where tc is the
critical time required to dissolve this boundary layer. In the
case where the boundary layer dissolves within τr, tc was
equated with τr and B = (Dp/τr)

1/2. When the boundary layer
did not dissolve within τr, we estimated the critical time for the
boundary layer to dissolve, tc, using the statistical model based
on the binding equilibrium between network forming species, a
mean-field description of network connectivity, and free
polymer chain diffusion.28,29 Here, the critical time scale for
dissolution of the boundary was defined as tc = jτr and B = (1/

j)(Dp/τr)
1/2, where j is the number of time steps of τr required

to dissolve the boundary layer. In all cases, we assumed a
constant erosion rate and the mass loss (β-gal release) for the
gel samples was predicted using eq 5 and the calculated B.
Based on this model, we can see that the rate of erosion scales
with τr

−1/2. This was consistent with our data that the erosion
rate decreased with T (Figure 2b), as the rheometric analysis
showed that gels at lower T had longer τr (Figure 1b).
We compared our model of erosion in dynamic covalent

hydrogels with the observed enzyme release and the mass loss
data of PEG-APBA/GL gels (10 wt/wt %) immersed in
phosphate buffer (pH 7.5; 2.0 mL) at 4, 25, and 37 °C (Figure
4). We used Keq and τr values measured from the shear
rheometry (365 and 20 s at 4 °C; 240 and 3.3 s at 25 °C; 195
and 1.2 s at 37 °C) and known physical parameters for the gel
(cgel

0 = 0.01 M, f = 4). The model fit both the enzyme release
and the mass loss data well at 37 °C, where α > 10 and erosion
dominated (Figure 4b,c). The model also described mass loss
at 4 and 25 °C reasonably well (Figure 4c), but the predictions
diverged from the observed enzyme release at 4 and 25 °C
(Figure 4b). In particular, at 4 °C, where α < 10, we
hypothesized that increased diffusion of β-gal due to swelling
could account for the differences. Thus, our model described
erosion-dominated mass loss without any fitting parameter.
As β-gal release in the presence of competitive cis-diols

occurred in the erosion-dominated regime (α > 10), we

Figure 5. Statistical model describing the influence of environment and network architecture on release in boronic-ester-based hydrogels. (a)
Effects of sugar type (fructose, mannitol, or glucose, 100 mg mL−1; cgel

0 = 0.01 M, f = 4), (b) sugar concentration (mannitol, 1−170 mg mL−1; cgel
0

= 0.01 M, f = 4), (c) polymer content (cgel
0 = 0.005, 0.01, or 0.02 M; f = 4), and (d) network architecture (cgel

0 = 0.01; f = 4, 6 or 8) on the
fractional release of β-galactosidase over time, β-gal(t)/β-gal0 (PEG-APBA/GL; pH 7.5, 25 °C; 2.0 mL), were described by the erosion-based
model (eq 5). All measurements are reported as triplicates with the mean ± standard deviation.
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adapted our model to account for the effect of competitive
displacement on p and, thus, Psol. We then applied our model
to describe the release of β-gal from the gels with disparate
competitive diols: fructose, mannitol, and glucose (Figure 5a);
different concentrations of mannitol (Figure 5b); and different
network architectures (Figure 5c,d). In general, our model
agreed with the observed release in the presence of a
competitive diol. One exception was for the samples composed
of 8-arm PEG-APBA/GL at 10 wt/wt % in 100 mg mL−1

mannitol. This deviation is likely caused by differences
between the real reverse gel point and the predicted reverse
gel point based on incomplete functionalization or the
formation of loop defects. Model predictions for networks
composed of 6-arm PEG-APBA/GL led to a closer agreement
with the observation (Figure 5d). In total, for T = 25 °C, the
model predicted erosion rates with competitive displacement
from 0.19 mm h−1 (10 wt/wt % in 1 mg mL−1 mannitol) to the
maximum erosion rate under the model for these conditions
Bmax = 7.7 mm h−1 (5 wt/wt % in 100 mg mL−1 mannitol and
10 wt % in 100 mg mL−1 fructose or 170 mg mL−1 mannitol; f
= 4).
The agreement between the statistical model and the

observed release data highlighted the importance of surface
erosion in biomolecule release from dynamic covalent
hydrogels. The model evaluated surface erosion in a boundary
layer that was defined by a characteristic time scale of the
system, τr, and a length scale set by the diffusion of free
polymer chains and was sufficient to describe release across a
broad range of experimental conditions. Importantly, the
model captured the influence of network properties and of the
environmental conditions (temperature and concentration of
competitive binders) on release in boronic-ester-based hydro-
gels.
In total, the release data and model together provide a

framework for the design of dynamic covalent hydrogels for
controlled release. Our analysis emphasized the importance of
the binding equilibria in the gel, relaxation time of the gel, and
free polymer diffusion within the gel on surface erosion and
associated release. Thus, we need to tailor the network design
and the selected dynamic chemistry based on the desired
release profile and application environment when engineering
dynamic covalent hydrogels for drug delivery. Further, it is
necessary to consider the presence of any potential competitive
binders in the local environment, which can affect the binding
equilibrium of the gel-forming cross-links (and thus release)
even at low concentrations.

■ CONCLUSION
In this work, we characterized biomolecule release from
boronic-ester-based dynamic covalent hydrogels using a model
biologic (β-galactosidase). We systematically investigated the
role of network properties and of the external environment
(temperature and concentration of competitive binders) on β-
gal release. We observed that the rate of release increased with
increased temperature (lower τr and Keq) or concentration of
competitive diol and decreased with increased network density.
Overall, we found that surface erosion (and associated mass
loss) governed β-gal release. To describe the observed release
rates, we developed a statistical model of surface erosion based
on the binding equilibria in a boundary layer at the surface of
the gel. The model demonstrated how the binding equilibria in
the gel, relaxation time of the gel, and free polymer diffusion
within the gel together controlled surface erosion (and thus

release) in boronic-ester-based gels. In total, our results will
guide the design of dynamic covalent hydrogels as biomaterials
for drug delivery applications. One potential limitation to
translation of boronic ester-based materials is that certain
boronic acids and their derivatives have been shown to act as
chemical mutagens.44 While polymeric forms of the boronic
acids have been shown to be safe for cell culture,19,23 more
work needs to be done to determine whether specific boronic
acid based materials are suitable for clinical application.
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■ ABBREVIATIONS
APIs, active pharmaceutical ingredients; DDS, drug delivery
systems; PEG, poly(ethylene glycol); PBA, phenylboronic acid
derivative; 2-FPBA, 2-formylphenylboronic acid; DAPBA, 2-
((dimethylamino)methyl)phenylboronic acid; β-gal, β-galacto-
sidase; IgG, IgG-Atto 594; GL, gluconolactone; APBA, ortho-
aminomethylphenylboronic acid; ONPG, ortho-nitrophenyl β-
D-galactopyranoside; ARS, Alizarin Red S; FS, frequency
sweep; T, temperature; Mn, number-average molecular weight;
γ, strain; ω, angular frequency; M(t), cumulative mass lost at
time t;M0, total mass of initial gel; β-gal(t), cumulative amount
of active β-gal released at time t; β-gal0, total amount of β-gal
loaded in gel initially; Keq, equilibrium constant (between the
boronic acid and the diol that comprise the network); KeqD,
equilibrium binding constant (between the boronic acid and
the competitive diol); Gp, plateau modulus; τr, relaxation time;
ΔGr

0, reaction Gibbs free energy; R, gas constant; Dβ‑gal,
diffusion coefficient for β-gal; h, height of the gel; τD,
characteristic time scale for pure diffusion; τE, characteristic
time scale for erosion; B, erosion rate; α, dimensionless
parameter to characterize the ratio of erosion/diffusion
kinetics; lc, critical length scale of the boundary layer; Dp,
diffusion coefficient for nonassociating polymer chain; p,
fraction of bound esters; cgel, concentration of the network in
the boundary layer; cgel

0, initial concentration of the network; f ,
functionality of the network forming polymers; Psol, sol fraction
at the boundary layer; pc, critical percolation threshold; tc,
critical time required to dissolve the boundary layer; [diol]eff,
effective concentration of diol at the boundary layer; [diol]0,
concentration of diol in the buffer; κ, modified Hill parameter;
h0, height of the full cone; hf, height of the truncated conical
cap; θ, angle of the cone; V0, total volume of the gel; Bmax,
maximum erosion rate
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