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Abstract
Hydrogel materials are promising vehicles for the delivery of protein therapeutics. Proteins can
impart physical interactions, both steric and electrostatic in nature, that influence their release from
a given gel network. Here, model proteins of varying hydrodynamic diameter and charge are directly
encapsulated and their release studied from electropositive fibrillar hydrogels prepared from the self
assembling peptide, MAX8. Hydrogelation of MAX8 can be triggered in the presence of proteins
for their direct encapsulation with no effect on protein structure nor the hydrogel's mechanical
properties. Bulk release of the encapsulated proteins from the hydrogels was assessed for a month
time period at 37°C before and after syringe delivery of the loaded gels to determine the influence
of protein structure on release. Release of positively charged and neutral proteins was largely
governed by the sterics imposed by the network. Conversely, negatively charged proteins interacted
strongly with the positively charged fibrillar network, greatly restricting their release to <10% of the
initial protein load. Partition and retention studies indicated that electrostatic interactions dictate the
amount of protein available for release. Importantly, when protein encapsulated gels were delivered
via syringe, the release profiles of the macromolecules showed similar trends as those observed for
non-sheared gels. This study demonstrates that proteins can be directly encapsulated in self assembled
MAX8 hydrogels, which can then be syringe delivered to a site where subsequent release is controlled
by protein structure.
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Introduction
There is intense interest in developing small protein and antibody therapeutics. (1–7) Protein
therapeutics are complex macromolecules typically characterized by a high molecular weight,
compositional variety, and for some, an amphipathic nature. (8) These attributes not only define
the native structure of the protein, but also provide therapeutic advantages over their smaller
drug counterparts. Benefits include high specificity to native targets, less interference with
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normal biological processes, and a decreased potential for eliciting an immune response. (2,
5)

Drug delivery vehicles, such as hydrogels, provide an effective avenue for protein delivery.
(9–15) They can improve therapeutic efficacy by providing a solubilizing environment in
which proteins can be encapsulated and protected from degradation. In addition, the hydrogel
network can be tailored to control the release rate and profile of the encapsulated
macromolecule.(9,10,13,15) Hydrogel pore sizes can be tailored to be on the order of protein
diameters. This allows the slow diffusion of proteins within the sterically imposing network
and the subsequent release from the gel with temporal control. Gels can also be designed to
immobilize the proteins and only release the therapeutic as the polymer network degrades.
(16–19)

Another promising mechanism for hydrogel design is to take advantage of the electrostatic
nature of a protein to optimize its controlled release. (14,20) Proteins and antibodies have
distinct surface compositions that impart solubility and charge to the macromolecule. (8,21)
Depending on the protein's isoelectric point (pI) and the pH of the solution, a given protein
will have a net positive (pI > pH), a net negative (pI < pH), or neutral (pI ~ pH) charge displayed
from its surface. Hydrogel networks can be designed to form electrostatic interactions with the
diffusing protein as a means to control their release.(14,20–28) Attractive interactions retard
release whereas repulsive interactions can hasten release. Only a few examples exist where
charged hydrogels are used for protein delivery; these gels contain ionic polymers, such as
carrageenan (20), gelatin (23), alginate (24), and agarose (25), or are modified with amino
(22), sulfonyl (26), or phosphate (27,28) functional groups. Most recently, peptide hydrogels
with charged residues were also capable of protein release. (29,30)

We have developed a self-assembling peptide that can undergo triggered hydrogelation in
response to physiological conditions (pH 7.4, 150 mM salt, and 37°C) to afford a mechanically
rigid, viscoelastic gel with a net positive charge. (31–34) These gels display shear-thin recovery
behavior that allows them to be syringe delivered. (32) As will be shown, hydrogelation can
be triggered in the presence of protein to directly encapsulate the macromolecule within the
network for subsequent delivery of the loaded gel via syringe. MAX8 is a small, de novo
designed β-hairpin peptide that is comprised of two β-strands of alternating valines and lysines
with a glutamic acid at position 15 (Figure 1A). A tetrapeptide (-VDPPT-) sequence with a
high propensity to form a type II' β-turn centrally connects the two strands. In low ionic strength,
aqueous solutions, MAX8 is freely soluble and remains unfolded due to electrostatic repulsions
between the positively charged lysines. Increasing the ionic strength of the solution by adjusting
the NaCl concentration to 150 mM (physiologically relevant salt concentration) screens some
charge on the lysine side chains and promotes the folding of the peptide into a facially
amphiphilic β-hairpin structure, see Figure 1B. The folded hairpin subsequently self assembles
to form a physically crosslinked network of fibrils with solvent exposed, positive point charges.
Each molecule of MAX8 displays seven lysine side chains and one N-terminal amine that
contribute to a highly electropositive network. Previously, FITC-labeled dextrans were used
as models to investigate the ability of this gel to release polysaccharides. (31) Here, we study
how protein structure, in particular hydrodynamic diameter and surface charge, dictates the
temporal release of model proteins from 1 wt% MAX8 peptide hydrogels for a month period
at 37°C. In addition, the effect of syringe delivering the loaded gels on protein release is also
accessed. Model proteins include lysozyme, α-lactalbumin, myoglobin, lactoferrin, bovine
serum albumin (BSA), and human immunoglobin G (IgG), which vary in hydrodynamic
diameters and isoelectric points. (Table 1) (21,35–38)
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Materials and Methods
Materials

Bis-tris propane (BTP) and sodium chloride (NaCl) were purchased from Sigma-Aldrich. The
proteins, α-lactalbumin (bovine milk, Type I), lysozyme (chicken egg white), myoglobin
(equine skeletal muscle), albumin (bovine serum), lactoferrin (bovine milk), and IgG (human
serum) were also purchased from Sigma-Aldrich. MAX8 peptide was synthesized according
to a previously published protocol. (31,32) Briefly, peptide was synthesized on an automated
ABI 433A peptide synthesizer on RINK amide resin using standard Fmoc-protocol with HCTU
activation. Cleavage and side-chain deprotection of the dry resin-bound peptide was performed
with a trifluoroacetic acid (TFA): thioanisole: ethanedithiol: anisole (90:5:3:2) cocktail for 2
hr under low N2 atmosphere. Filtration followed by diethyl ether precipitation yielded crude
MAX8 peptide. Purification of the crude peptide was performed by RP-HPLC using a
preparative Vydac C18 peptide column with a flow rate of 8 mL/min. Peptide is injected onto
the column under isocratic conditions. MAX8 gradient: 0% B for 2 min, then a linear gradient
from 0 to 24% B over 4 min, then 24% to 100% B over 152 min. Peptide elutes at 30 min. MS
(ESI) m/z: 1115.9 [(M+2H)2+, calculated: 1116.5]. Elutants for RPHPLC consisted of Standard
A (0.1% TFA in water) and Standard B (90% acetonitrile, 9.9% water, 0.1% TFA). Analytical
HPLC chromatograph and ESI (+) mass spectra for the pure peptide are located in the
supporting information. Lyophilized purified peptide was dissolved in water at 1 mg/mL and
re-lyophilized twice before using for hydrogelation.

Dynamic Oscillatory Rheology
Oscillatory rheology experiments were performed on a Paar Physica MCR 500 rheometer using
25 mm diameter stainless steel parallel plate geometry. For the rheological measurements, gels
were prepared directly on the rheometer plate in the following manner. MAX8 peptide stock
solutions were first prepared in glass vials by dissolving 4 mg of peptide in 200 μL of sterile,
chilled water. To this solution, 200 μL of chilled BTP buffer (100 mM, pH 7.4) containing 300
mM NaCl was added. To prepare gels that directly encapsulate the proteins, 200 μL of chilled
BTP buffer (100 mM, pH 7.4) containing 300 mM NaCl and 2 mg/mL of the respective protein
was added to the peptide solution. This results in 1.0 wt % gel of a final total volume of 400
μL. Then, 300 μL of the resulting solution was quickly added to the rheometer plate, which
was pre-equilibrated at 5°C. The parallel plate tool was then lowered to a gap height of 0.5 mm
and the temperature was ramped linearly to 37°C to initiate gelation.

For the gelation experiment, a dynamic time sweep was performed to measure the storage (G')
and loss (G”) modulus at a frequency of 6 rad/sec and 0.2% strain as a function of time for 1
hour. A dynamic frequency sweep (0.1 to 100 rad/sec at constant 0.2% strain) was then
performed, followed by a dynamic strain sweep (0.1 to 1000% strain at constant 6 rad/sec),
which was used to verify that the former measurements were within the linear viscoelastic
regime. For the shear-thinning and recovery experiment, a dynamic time sweep was performed
at a frequency of 6 rad/sec and 0.2% strain for 1 hour. This was immediately followed by a 30
second period, in which 1000% strain at a frequency of 6 rad/sec was applied to the sample.
This was then followed by another one hour dynamic time sweep (6 rad/sec, 0.2% strain) to
measure the sample's moduli recovery after shear. A dynamic frequency sweep (0.1 to 100 rad/
sec at constant 0.2% strain) and a dynamic strain sweep (0.1 to 1000% strain at constant 6 rad/
sec) were also performed for these rheology experiments.

Bulk Release Studies
For the bulk release studies, MAX8 peptide stock solutions were first prepared in glass vials
by dissolving 4 mg of each peptide in 200 μL of sterile, chilled water. Then, 150 μL of each
stock was added to a separate glass vial. 150 μL of chilled, fresh BTP buffer (100 mM, pH 7.4)
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containing 300 mM NaCl and 2 mg/mL of the respective protein was added to the stock
solution. Samples were carefully shaken to initiate hydrogelation, resulting in 1.0 wt% gels of
a final total volume of 300 μL containing 1 mg/mL protein. Samples were placed in an incubator
at 37°C for 3 hours. To mimic syringe delivery, a mixture of peptide solution and buffer was
drawn into a 1 mL syringe and allowed to gel directly in the syringe for 1.5 h in an incubator
at 37°C. The sample was then sheared through a 26-3/8 gauge needle into a separate glass vial.
The sample was then placed in the incubator at 37°C for an additional 1.5 h prior to the release
experiment.

All hydrogels were made in cylindrical glass vials and had only the top surface exposed for
release. The gels had approximate heights of 0.35 cm from the bottom of the vial. After 3 hrs,
1 mL of pH 7.4, 50 mM BTP, 150 mM NaCl buffer was added to the top of gel. At scheduled
time points, the entire volume of buffer above the gel was removed and replaced with fresh
buffer. Probe concentration was determined for each removed aliquot as a function of time.
Each time point was performed in triplicate and experiments were carried out for 28 days. The
concentration of protein in the stock solutions and in the supernatant was determined from the
absorbance at 280 nm by UV-Vis spectroscopy, which were compared to a calibration curve.

The bulk release profiles were then fit to a 1D nonsteady-state Fickian diffusion model for a
probe with a constant diffusion coefficient, D, diffusing through a thin slab with a height, h
(39,40).

[1]

where Mt is the mass of protein released at time t, M0 is the mass of protein initially loaded
into the gel, and Mt=28days is the mass of protein released at the end of the 28 day experiment.
The 95% confidence intervals of the fitted diffusion coefficients were also calculated.

Circular Dichroism
Circular dichroism (CD) spectra were collected on a Jasco model J-810 spectropolarimeter.
The supernatant from the bulk protein release experiments at the 24 hour time point was
analyzed by CD to determine the secondary structure of the proteins after release. CD spectra
were also measured for 0.5 mg/mL fresh solutions of native protein for comparison with the
released protein samples. Wavelength spectra from 260 to 205 nm were obtained for 150 μL
aliquots of both the native samples and the released samples in a 0.1 cm path length quartz cell
at 25°C. The mean residue ellipticity, θ, was calculated from the equation [θ] = (θobs/10lc)/r,
where θobs is the measure ellipticity in millidegrees, l is the length of the cell (centimeters), c
is the molar concentration, and r is the number of residues.

Adsorption Studies
For the bulk adsorption studies, MAX8 peptide stock solutions were first prepared in glass
vials by dissolving 4 mg of each peptide in 200 μL of sterile, chilled water. Then, 150 μL of
each stock was added to a separate glass vial. 150 μL of chilled, fresh BTP buffer (100 mM,
pH 7.4) containing 300 mM NaCl was added to the stock solution. Samples were carefully
shaken to initiate hydrogelation, resulting in 1.0 wt% gels of a final total volume of 300 μL.
Samples were placed in an incubator at 37°C for 3 hours. After 3 hrs, 300 μL of pH 7.4, 50
mM BTP, 150 mM NaCl buffer containing 1 mg/mL of the respective protein was added to
the top of gel. The hydrogels were then placed in the incubator at 37°C. After 48 hours, the
entire volume of buffer above the gel was then removed and replaced with 1 mL of fresh buffer.
This buffer wash was repeated after 48 hours twice more for a total of three washes. The

Branco et al. Page 4

Biomaterials. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



experiment was performed in triplicate. The concentration of protein in the stock solutions and
in the supernatants was determined from the absorbance at 280 nm by UV-Vis spectroscopy.

Results and Discussion
Direct Encapsulation of Protein during Hydrogelation

The most efficient method to incorporate proteins into a hydrogel is their direct loading during
gel formation. (9–11,13,14,41) This ensures that precise concentrations of therapeutics can be
directly incorporated within the network with homogeneous distribution. However, certain gel
crosslinking strategies may involve toxic agents or can degrade the therapeutic during loading.
Materials formed by self assembly offer the opportunity to trigger hydrogelation under aqueous
conditions in the presence of the therapeutic. (9) Consequently, exact quantities of the proteins
can be encapsulated within the hydrogel network without the use of harsh crosslinking agents.

Figure 2 shows rheological data that monitors the triggered hydrogelation of 1 wt% MAX8
after a saline buffered aqueous solution is added to the aqueous peptide solution. The
experiment measures the storage modulus (G'), a quantity of the material's mechanical rigidity,
as a function of time. At the end of the hour experiment, a 1 wt% MAX8 gel has a storage
modulus of 2200 ± 250 Pa. Proteins of varying size and charge (Table 1) were incorporated in
the saline buffered solution and then added to the aqueous MAX8 solution to trigger self
assembly. Figure 2 shows that there is a small lag phase for the gels containing protein but
within approximately a minute, hydrogelation takes place, affording materials having nearly
equivalent storage moduli (~2000 Pa) as the protein-free gel. Frequency and strain sweep
rheological data are provided in the Supporting Information. Visual assessment of the materials
confirms that these hydrogels are rigid, and self supporting (not shown). These rheological
experiments demonstrate that including the proteins during gelation does not influence the
material forming ability of MAX8 and provides a convenient means to load the gel with protein.

Bulk Protein Release from Peptide Hydrogels
The value of the storage modulus, G', provides insight to the network's mesh size. The
Mackintosh theory for semiflexible, crosslinked polymer networks was used to calculate a
mesh size of 22 – 23 nm for the MAX8 gel. (31,42,43) This mesh size is on the order of the
hydrodynamic diameter of the proteins used in this study and therefore, interactions between
the network and protein, both steric and electrostatic in nature, should influence
macromolecular diffusion. The bulk release of the encapsulated proteins from the 1 wt% MAX8
gel was monitored for a 28 day period. In these initial studies, the loaded gels have not been
shear-thinned delivered to first investigate the native network's influence on delivery. Figure
3 shows the amount of protein released from the gels (Mt) normalized to the initial protein
loaded (M0) as a function of time. During the experiment, no hydrogel swelling or degradation
was observed, suggesting that the release of the proteins is primarily diffusion controlled and
will be dependent on any physical interactions between the macromolecules and the peptide
network.

Figure 3 shows that the amount and rate of protein release varies as a function of protein size
and electrostatic nature. The positively charged proteins are gradually released over a period
of days from the positively charged peptide hydrogel with little retention of the protein in the
network. The fastest release is observed for lysozyme, a small (14kD, dH = 4.1 nm) protein
with a net positive charge at pH 7.4. At the end of ten days, nearly 100% of the protein is
released from the peptide hydrogel network. Lactoferrin, a medium sized (dH = 6.1 nm),
positively charged protein, is released more slowly, with 85% released after 10 days, after
which time no additional protein is released. The neutral proteins, myoglobin and human IgG,
are also gradually released from the 1 wt% MAX8 network, but a greater quantity of protein
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is retained in the gel, even after one month. Myoglobin is a neutral protein with an equivalent
molecular weight (17.4 kD) to lysozyme. This protein has a similar release profile as lysozyme
for the first few days but only 85% of the macromolecule is released at the end of the study.
Human IgG is actually a pool of proteins that are the largest in the study with an average dH
of 10.7 nm. Human IgG shows the most hindered diffusion with 40% of the antibody still
retained in the gel at the end of the experiment. α-lactalbumin (dH = 3.2 nm) and BSA (dH =
7.2 nm) have similar hydrodynamic diameters as lysozyme and lactoferrin, respectively, but
display a net negative surface charge at pH 7.4 (Table 1). The release of these proteins is greatly
impeded by the positively charged peptide fibrillar network. At the end of 28 days, only 10%
of these proteins have been released with the remaining amount retained within the gel.
Therefore, it is evident from Figure 3 that the size and charge state of the protein play important
roles in their release. The data in Figure 3 also suggests that there are possibly two distinct
populations of proteins encapsulated in the network, a mobile fraction capable of being released
in an early time regime (~1 week to a month) and an immobile fraction that is retained in the
gel. The relative amounts of mobile and immobile fractions seem to be dictated by the charge
state of the protein.

The apparent diffusion coefficients of these proteins were calculated using a 1D non-steady-
state Fickian diffusion model (Equation 1) and are listed in Table 2. In this model, diffusion
coefficients are calculated for mobile proteins capable of being released within the one month
time period. Appropriately, protein involved in solute-material interactions and thus, retained
in the network (immobile fraction) are not accounted for in this model. (29) When compared
to the diffusion coefficients of the proteins in an aqueous solution (Table 1), the diffusivities
of the proteins are reduced to 20 – 30% of the value (Table 2), making evident the strong
influence of the 1.0 wt% MAX8 hydrogel on the mobility of the proteins. The smallest protein,
α-lactalbumin, has the largest diffusion coefficient of approximately 40 × 10−8 cm2/sec,
whereas the largest protein, human IgG antibody, has the smallest diffusivity of 10 × 10−8

cm2/sec. This is expected because as the protein's hydrodynamic diameter approaches the mesh
size of the gel, the mobility of the protein becomes more restricted, resulting in a diffusion
coefficient that is smaller in value. Also, the calculated values of the diffusion coefficients are
equivalent for proteins of the same size, independent of the protein charge state at pH 7.4.
Lysozyme, myoglobin, and α-lactalbumin are all small proteins with similar average molecular
weights (14 – 17 kD), but vary in their net charge. Each have a diffusivity of 30 – 40 × 10−8

cm2/sec. BSA also has a diffusion coefficient that is equivalent within error to its positively
charged protein counterpart, lactoferrin. Thus, this confirms that the rate of release for the
mobile proteins is dependent on the protein size, not its charge state, even when the protein's
hydrodynamic radius is on the order of the network's mesh size.

The amount of protein retained, i.e, the immobile fraction in a gel after 1 month, however, is
largely governed by electrostatic interactions between the proteins and the peptide network,
Table 2. Positively charged lysozyme is fully released from the gel. Myoglobin, the neutral,
small protein, retains about 15% of initial load within the gel, and 90% of the initial load of
negatively charged α-lactalbumin remains in the hydrogel. As the net negative charge of the
protein increases, a greater amount of protein is retained in the network. This indicates that
attractive electrostatic interactions between the negatively charged proteins and the peptide
matrix greatly retard release and trap the protein within the network. Conversely, repulsive
electrostatic interactions between positively charged proteins and the peptide network promote
release and disfavor any retention of proteins in the network, which may explain the difference
in retention between electropositive lysozyme and neutral myoglobin.

In addition, circular dichroism studies of released protein at the 24 hour time point were
conducted to observe any changes to the protein's secondary structure as a result of
encapsulation and release. Figure 4 shows that the proteins, lysozyme, myoglobin, lactoferrin,
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and human IgG, retain their native secondary conformation after release, suggesting that the
encapsulation and release process did not adversely affect the proteins' structure. It was not
possible to collect CD spectra for α-lactalbumin and BSA due to the minimal amount of protein
released to the supernatant.

Partition and Retention Studies
The nature of protein retention in the hydrogel network was investigated by measuring the
ability of differently charged proteins to partition into the network and become irreversibly
retained. In this experiment, protein solutions (1 mg/mL) were introduced above separate 1 wt
% MAX8 hydrogels. Proteins were allowed to diffuse into their respective gels over 48 hrs and
the amount of protein that had partitioned into the network was measured by difference. Next,
the amount of protein that diffused into the network and becomes irreversibly retained was
quantified by repeatedly washing the gels with buffer over a week period to remove mobile
protein capable of diffusion. The amount of protein irreversibly retained in the hydrogel
network was measured by difference.

For the initial partition study, all proteins, independent of size or charge, partition into the
hydrogel network. 50% of the positively charged proteins, lysozyme and lactoferrin, and
neutral myoglobin diffuse into the 1.0 wt% MAX8 hydrogels; the other 50% remains in the
supernatant above the gel. The large antibody, which has a hydrodynamic diameter
approaching the mesh size of the gel, also diffuses into the gel after 2 days with only 40%
remaining in the supernatant above the gel. The greatest uptake into the gel is observed for α-
lactalbumin and BSA, the negatively charged proteins. More than 90% of the proteins
partitioned into the gel, indicating the preferential affinity of these proteins to the positively
charged network.

The retention studies also indicate that the charge state of the protein strongly influences its
potential to become irreverisibly retained within the gel network. After washing for a week,
most of the positively charged proteins diffuse out from the network with less than 6% of
lysozyme and lactoferrin remaining in the peptide hydrogel. Less than 3% of the small, neutral
myoglobin is retained in the gel after washing. Both the partition and retention analyses indicate
that positively charged and neutral proteins are free to diffuse into, within, and out of the
hydrogel network and that their mobility is largely governed by sterics. Approximately half of
the amount of antibody that partitions into the gel is still sequestered in the hydrogel. This may
be due to its larger size, which limits it mobility out of the network. As for the negatively
charged proteins, these macromolecules preferentially partition into the network and have the
potential to be irreversibly retained with 80% of the initial load still associated within the
network after extensive washing. Taken together, the data suggest that the electrostatic nature
of protein strongly influences its mobility in the material network.

Interestingly, if one compares the amount of protein that is retained in the hydrogel in the
partition/retention studies (Figure 5) to the amount that is not released in the bulk release
experiments (Figure 3), the values are near equivalent, (comparison in Table 2). This
observation further supports that the charge state of the macromolecules greatly affects the
interactions that the proteins have with the peptide network, independent of how the protein is
introduced to the network, either by partitioning the protein into pre-fabricated gels or by
directly encapsulating them during self assembly. Also, this similarity between the two
experiments indicates that the protein that remains in the hydrogel in the release experiments
may be tightly associated with fibril surfaces as opposed to being physically integrated within
the self assembled fibril network, which may occur during the self assembly process. This
physical association to the network provides another opportunity for controlled release that is
dependent on material degradation in addition to diffusion. For example, when the material is
introduced into a host where proteolytic enzymes are present, the mobile fraction can be first
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released by diffusion and upon the degradation of the peptide hydrogel, the remaining load that
is adsorbed to the network can then be released into the surrounding tissues. This will be the
subject of a future study.

Effect of Syringe Delivery on Hydrogel Rigidity and Protein Release
The ideal drug delivery vehicle should be easily administered with little discomfort to the
patient. (9,10) A minimally invasive method of delivery is via syringe injection. MAX8
hydrogels shear-thin under applied stress, but quickly recover upon the cessation of stress,
making it a suitable injectable material. (32) The ability of the 1 wt% MAX8 hydrogel to shear-
thin and recover in the absence and presence of protein was assessed by oscillatory rheology.
Figure 6A shows a rheological experiment where hydrogelation of MAX8 is triggered at
physiological buffer conditions in the absence of protein and the storage modulus is monitored
over an hour, identical to Figure 2. To model the delivery of the gel through a syringe needle,
a strain of 1000% is applied to the material for 30 seconds to convert it to a low viscosity gel.
When the high strain is removed, the material rapidly recovers its mechanical integrity (~60%
within the first few seconds) and after an hour, the gel has a storage modulus that is 90% of
the value prior to the shearing event.

This experiment was also conducted in the presence of lysozyme, myoglobin, α-lactalbumin,
and human IgG to assess if the proteins affect not only the initial material formation but
importantly, the shear-thinning and recovery capability of the MAX8 gel. Figure 5a verifies
that the proteins do not influence the peptide's ability to self assemble and gel. In addition, the
loaded gels are still capable of being thinned in response to shear. Importantly, the data
demonstrate that the incorporated proteins do not influence the restructuring of the physically
crosslinked material after shear is removed, irrespective of the protein size or electrostatic
character. The gels display near quantitative recovery of their storage modulus (>90%) after
one hour, similar to MAX8 hydrogel alone. Also, when a material is disrupted by the shearing
event, it may be expected that the network, i.e., the mesh size, will change as a result. However,
since the modulus before and after the shearing event is equivalent, this suggests that there was
no gross change in mesh size and that that nanostructure of the network is not perturbed.

In addition to the hydrogel's mechanical properties, the effect of syringe delivery on the release
profiles of the proteins was also studied. During the reorganization of the network during
recovery after shear thinning, protein may leak from the gel, resulting in a burst release, or
protein may become physically entrapped within the network, retarding its mobility. To
investigate these possibilities, MAX8 hydrogels in the presence of lysozyme, myoglobin, α-
lactalbumin, and human IgG were each formed directly in a syringe and allowed to cure for
1.5 hours. The gels were then syringe-delivered to a glass vial and allowed to recover for 1.5
hours. After which, buffer was added above the gels and the bulk release of the proteins was
measured as a function of time. The release profiles of the three proteins are shown in Figure
6B and display the same release trends observed for the gels that had not been shear-thinned.
The greatest amount released is observed for lysozyme (99%), followed by myoglobin (94%),
and then human IgG (65%). Approximately 75% of the α-lactalbumin is retained in the
hydrogel after 1 month.

Data in Table 3 shows only a minor change in the release characteristics after syringe delivery,
consistent with the negligible changes in rheology and hence, hydrogel topology upon shear
thinning and recovery. There is a systematic but small increase in the amount released,
accompanied by a small decrease in the overall diffusion coefficient. Shear may act to rearrange
regions in the gel, so as to enable more of the protein to diffuse out of the hydrogel, but at a
slightly reduced net rate. However, the effects of shear thinning and reformation of the gel on
the release characteristics are small and the trends with protein charge and size are preserved.
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Conclusion
Proteins were directly encapsulated into MAX8 hydrogels during peptide self assembly, and
the effect of protein size and charge on macromolecular release was studied before and after
syringe delivery. Release of positively charged and neutral proteins was largely governed by
steric interactions between the network and the protein. Repulsive electrostatic interactions
between positively charged proteins and the peptide network enhanced release and disfavored
any adsorption of the proteins to the network. Conversely, negatively charged proteins were
strongly attracted to the positively charged peptide network, which greatly restricted their
release to less than 10% of the initial protein load. Here, attractive electrostatic interactions
between the negatively charged proteins and the peptide matrix greatly retarded release by
trapping the protein within the network. Partition and retention studies confirmed that
encapsulated protein exists in two distinct populations. The first is a mobile phase, whose
release is largely dictated by steric interactions between the protein and the network. The
second is an immobile phase that is trapped within the network. Lastly, when protein
encapsulated gels are delivered via syringe, the release profiles of the macromolecules had
similar trends as observed for non-sheared gels, indicating that this method of delivery does
not significantly alter their bulk release profiles. These studies indicate that the MAX8 hydrogel
is an injectable delivery system with potential for the easy, effective formulation and
administration of a variety of hydrophilic proteins.
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Figure 1.
(A) Sequence of MAX8. (B) Self assembly mechanism of MAX8 into hydrogel directly in a
syringe, subsequent delivery, and expected interactions between differently charged proteins
and positively charged MAX8 hydrogel network.
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Figure 2.
Dynamic oscillatory time sweep monitoring the formation of 1 wt% MAX8 in pH 7.4, 50 mM
BTP, 150 mM NaCl at 37°C alone and in the presence of the model proteins: lysozyme,
lactoferrrin, myoglobin, human IgG, α-lactalbumin and bovine serum albumin (BSA). Dashed
line represents dynamic time sweep of peptide hydrogel alone.
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Figure 3.
Cumulative release profiles (Mt/M0) of proteins from 1 wt% MAX8 hydrogels with pH 7.4,
50 mM BTP, 150 mM NaCl at 37°C over a month period. Lines represent diffusion coefficient
fits with Equation 1. Error bars are smaller than symbols when not visible.
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Figure 4.
Circular dichroism wavelength scans of (A) lysozyme, (B) lactoferrin, (C) myoglobin, and (D)
Human IgG in pH 7.4, 50 mM BTP, 150 mM NaCl at 25°C. Native state (■) corresponds to a
1 mg/mL solution of protein in buffer that was never encapsulated or released. 24 hour Release
(□) corresponds to encapsulated protein that has been released at the 24 hr time point.
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Figure 5.
White bar: Initial amount of protein added above 1 wt% MAX8 gels in pH 7.4, 50 mM BTP,
150 mM NaCl at 37°C; dotted bar: protein amount that partitioned into gel after 48hr
incubation; hashed bar: amount of protein retained in network after 1 week wash period.
Percentages correspond to protein concentrations relative to the initial protein load above the
gel.
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Figure 6.
(A) Dynamic oscillatory time sweep of 1 wt% MAX8 in pH 7.4, 50 mM BTP, 150 mM NaCl
at 37°C in the absence and presence of lysozyme, myoglobin, α-lactalbumin, and Human IgG.
Hydrogel was allowed to form for one hour at 6 rad/sec, 0.2% strain, followed by application
of 1000% strain for 30 seconds, and then allowed to recover for another hour at 6 rad/sec, 0.2%
strain. (B) Cumulative release profiles (Mt/M0) of proteins from 1 wt% MAX8 hydrogels in
pH 7.4, 50 mM BTP, 150 mM NaCl at 37°C that were sheared through a syringe needle into
a glass vial. Lines represent diffusion coefficient fits with Equation 1. Error bars are smaller
than symbols when not visible.
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Table 2

Diffusion coefficients (Dgel ×10−8 cm2/sec) of model proteins released from 1 wt% MAX8 hydrogels at pH 7.4,
50 mM BTP, 150 mM NaCl at 37°C determined by Equation 1. Dgel/Daq represents the ratio of the diffusion
coefficients in the gel to the diffusion coefficient of the protein in water at 37°C. The percent of unreleased protein
remaining in hydrogels after 1 month release. The percent of protein adsorbed to the network determined from
an independent partition/retention experiment.

Protein Diffusion Coefficient (10−8 cm/sec) Dget/Daq Protein Retained (%) Protein Adsorbed (%)

Lysozyme 35 ± 6 0.32 3 ± 1 0 ± 6

Lactoferrin 16 ± 2 0.22 14 ± 0 6 ± 2

Myoglobin 35 ± 7 0.31 15 ± 1 3 ± 3

Human lgG 10 ± 1 0.24 41 ± 1 30 ± 3

α-lactalbumin 41 ± 15 0.29 91 ± 0 84 ± 3

BSA 11 ± 9 0.17 94 ± 0 80 ± 2
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Table 3

Comparison of diffusion coefficients (×10−8 cm2/sec) for proteins in a native gel versus a shear-thin recovered
gel. (1 wt% MAX8 gels, pH 7.4, 50 mM BTP, 150 mM NaCl, 37°C) Also shown is the percent of protein
remaining in hydrogels after 1 month release.

Non Shear-Thinned Gels Syringe-Delivered Gels

Protein Diffusion Coefficient (×10−8

cm2/sec) Unreleased Amount (%) Diffusion Coefficient (×10−8

cm2/sec) Unreleased Amount (%)

Lysozyme 35 ± 6 3 ± 1 29 ± 4 1 ± 3

Myoglobin 35 ± 7 15 ± 1 21 ± 3 7 ± 3

α-lactalbumin 41 ± 15 91 ± 0 14 ± 2 75 ± 2

Human lgG 10 ± 1 41 ± 1 7 ± 1 35 ± 4
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