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Abstract

Supramolecular hydrogels have great potential as biomaterials for sustained delivery of
therapeutics. While peptide-based supramolecular hydrogels have been developed that show
promise for drug delivery applications, the high cost of production has limited their widespread
adoption. Low molecular weight (LMW) supramolecular hydrogels are emerging as attractive and
inexpensive alternatives to peptide-based hydrogels. We recently reported novel cationic
fluorenylmethyloxycarbonyl-modified phenylalanine (Fmoc-Phe) hydrogels for localized and
sustained in vivo release of an anti-inflammatory agent for functional pain remediation. In an effort
to further elucidate design principles to optimize these materials for delivery of a variety of
molecular agents, we herein report a systematic examination of electrostatic effects on the release
of cargo molecules from Fmoc-Phe derived hydrogels. Specifically, we interrogate the release of
cationic, anionic, and neutral cargo molecules from a series of cationic and anionic Fmoc-Phe
derived hydrogels. We observed that cargo was readily released from the hydrogels except when
the cargo and hydrogel network had complementary charges, in which case the cargo was highly
retained in the network. These results demonstrate that the electrostatic characteristics of both the
hydrogel network and the specific cargo are critical design parameters in the formulation of LMW
supramolecular hydrogel systems in the development of next-generation materials for drug

delivery applications.
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Introduction

Innovative and cost-effective strategies for the controlled delivery of therapeutics are in
demand.'3 Conventional systemic drug delivery methods often require increased or repeated
dosing, especially with payloads that suffer from poor solubility, low bioavailability, and easy
degradation.>> In contrast, systems for localized and sustained delivery of therapeutics minimize
dosage requirements and systemic toxicity, and materials can be tailored to protect payloads,
especially fragile biologics such as oligonucleotides and proteins.>> Hydrogels are commonly
considered for localized drug delivery because they are highly porous, water-filled networks with
material properties that can be tuned for the type of cargo or rate of release that is desired.*’
Supramolecular hydrogels offer distinct advantages to traditional polymeric materials because the
noncovalently assembled network is inherently more dynamic and stimuli responsive, allowing
direct encapsulation of the cargo and noninvasive syringe delivery.®!3

Peptide-based supramolecular hydrogel systems are attractive as drug delivery vehicles.!?-
16 Synthetic peptides are biocompatible and offer precise control over emergent material
properties, including viscoelasticity and shear-responsive self-healing, by modification of the
primary amino acid sequence.”!? Self-assembled peptide systems have demonstrated promise for
controlled release of many therapeutics in vitro and in vivo, including opioids,?’-2! anti-
inflammatory drugs,?>>* chemotherapeutics,?*?7 insulin,?®-?° and immunotherapies.3-3! However,
a major impediment for the widespread adoption of peptide-based materials is the high cost of
production.3-33 In many cases, the cost of the peptide hydrogel required for delivery exceeds the
cost of the therapeutic agent.! To address this problem, there has been increasing interest in
inexpensive, low molecular weight (LMW) supramolecular hydrogels as alternatives to peptide

hydrogels for drug delivery.34-38
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Self-assembling amino acid derivatives and dipeptides have shown early potential as LMW
supramolecular hydrogels that exhibit many of the requisite viscoelastic and shear-response
properties needed for drug delivery at significantly lower cost than peptide-derived hydrogels.3?
34.38-41 In particular, phenylalanine (Phe) derivatives have dominated this area of study due to their
high propensity to self-assemble into a variety of defined nanostructures capable of forming
hydrogel networks.#*-4> Phe-based gelators typically have an aromatic N-terminal capping group,
most commonly the fluorenylmethyloxycarbonyl (Fmoc) group, to promote self-assembly through
additional m—m stacking interactions.*4® Several Phe-based materials have been developed for
controlled release applications.*->3 Sustained release of small molecules has been observed from
hydrogels of diphenylalanine with Fmoc and other aromatic capping groups,’>>? and from
modified amino acid derivatives.>

We recently reported the application of supramolecular hydrogels of cationic Fmoc-Phe
derivatives modified with diaminopropane (DAP) (1a-3a, Figure 1A) for functional in vivo
delivery of an anti-inflammatory drug diclofenac in a mouse model for chronic pain.’® Gelation of
these derivatives does not occur immediately in water due to intermolecular electrostatic repulsion,
but addition of saline masks charge repulsion and initiates formation of a self-supporting hydrogel
in seconds.’’ These hydrogels are shear-responsive, meaning the hydrogel network can temporarily
withstand the shear forces of syringe delivery and spontaneously reform after exiting the syringe.>¢
We found that injection of an Fmoc-Fs-Phe-DAP (3a) hydrogel containing diclofenac into the
ankles of mice resulted in diclofenac release and pain mitigation for nearly two weeks.>® While
characterizing the in vitro release profile of diclofenac from these hydrogels, we noted that the
maximum amount released over approximately three days was less than 2% of the total diclofenac

loaded into the hydrogel. Diclofenac is negatively charged at physiological pH, so we hypothesized
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that the cationic hydrogel network could be retaining most of the diclofenac through electrostatic
ion pairing. Schneider and coworkers have reported similar phenomena with release of proteins
from their charged, self-assembled B-hairpin peptide hydrogels, noting that only a small amount
of protein was released when the protein and peptide hydrogel had complementary charges.>8-60
Determining how interactions between cargo and the hydrogel network affect cargo release is
critical to understand the limitations of the system and to enable optimization of these systems for
different cargo.

Accordingly, we herein report a systematic study of the effects of the charge of
supramolecular hydrogel networks and the charge of small molecule cargo on release of cargo
from these networks. To investigate the effect of electrostatic interactions on the release of charged
cargo from LMW supramolecular hydrogels, two hydrogel systems of opposing charge and three
model small molecule cargo were chosen. The Fmoc-Phe-DAP derivatives 1a—3a were used to
form cationic hydrogels while their parent amino acids 1b-3b were adopted as corresponding
anionic hydrogels (Figure 1A, B). Methylene blue (MB), caffeine, and naphthol yellow S (NY)
were chosen as cationic, neutral, and anionic cargo, respectively (Figure 1C). The release of each
cargo molecule from each type of hydrogel was characterized. Strikingly, when the charge of the
cargo and network were complementary, the cargo was highly retained by the hydrogel and, in
these examples, there was no detectable amount of cargo released for the duration of the study. In
contrast, neutral cargo and cargo that had the same charge as the hydrogel network was readily
released from the network. This study demonstrates the importance of considering the
physicochemical properties of both cargo and hydrogel as well as the emergent properties of the

hydrogel network in the design of supramolecular hydrogels for drug delivery applications.
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Figure 1. (A) Fmoc-Phe-DAP derivatives: Fmoc-Phe-DAP (1a), Fmoc-3F-Phe-DAP (2a), and
Fmoc-Fs-Phe-DAP (3a). (B) Fmoc-Phe derivatives: Fmoc-Phe (1b), Fmoc-3F-Phe (2b), Fmoc-Fs-
Phe (3b). (C) Small molecule cargo for release: methylene blue (MB), naphthol yellow S (NY),
and caffeine.

Experimental

Materials. Reagents and organic solvents were purchased commercially and used without further
purification. Fmoc-amino acids 1b—3b were purchased at the highest available quality and used
directly in gelation experiments without further purification. Compounds 1a—-3a were synthesized
by a modified version of the previously reported method.3” Detailed synthetic protocols are in the
Supplementary Information. Water used for gelation was purified using a nanopure filtration

system (Barnstead NANOpure, 0.2 um filter, 18.2 MQ-cm).
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Hydrogelation Conditions. All hydrogels were prepared with a final gelator concentration of 20
mM, final cargo concentration of 0.5 mM, and total volume of 1 mL. To make cationic hydrogels
with no cargo, gelators 1a—3a were dissolved in 800 puL of water by sonication in a 70 °C water
bath until fully solubilized. Then, 200 pL of 570 mM aqueous NaCl was added to give a final NaCl
concentration of 114 mM. Immediately after addition of NaCl, the vial was briefly agitated by
vortex mixer and a hydrogel formed within seconds. To make cationic hydrogels loaded with
caffeine or naphthol yellow S, gelators 1a—3a were dissolved in 750 uL of water by the method
stated above, then 50 uLL of a 10 mM solution of caffeine or naphthol yellow S was added to bring
the total volume to 800 uL before adding salt. To make cationic hydrogels loaded with methylene
blue, gelators 1a—3a were dissolved in 733.3 pL of water by the method stated above, then 66.7
uL of 7.5 mM methylene blue was added to bring the total volume to 800 uL. before adding salt as
detailed above. Images of all variations of hydrogels are in the Supplementary Information
(Figures S1-S3).

To make anionic hydrogels with no cargo, gelators 1b—3b were dissolved in 4.8 mL of
water using 1.2 mL of 0.1 M aqueous NaOH (one molar equivalent) to a final gelator concentration
of 20 mM in a 6 mL solution. A fresh aqueous stock solution of glucono-d-lactone (GdL) was
prepared at a concentration of 100 mg/mL (561 mM) immediately prior to gelation experiments.
To trigger gelation, 8.9 puL (0.25 molar equivalent, gelator 1b) or 26.7 uL (0.75 molar equivalent,
gelators 2b and 3b) of the GdL stock solution was added to a glass vial containing 1 mL of the 20
mM gelator solution and the vial was agitated by vortex mixer for five seconds. The vials were left
undisturbed overnight as the hydrogels formed over the course of several hours. To make anionic
hydrogels loaded with caffeine or naphthol yellow S, gelators 1b—3b were dissolved in 4.5 mL of

water using 1.2 mL of 0.1 M aqueous NaOH (one molar equivalent), and then 0.3 mL of a 10 mM
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solution of caffeine or naphthol yellow S was added for a final gelator concentration of 20 mM
and final cargo concentration of 0.5 mM in a 6 mL solution. GAL was added by the procedure
stated above to 1 mL aliquots of these solutions. To make anionic hydrogels loaded with methylene
blue, gelators 1b—3b were dissolved in 4.4 mL of water using 1.2 mL of 0.1 M aqueous NaOH
(one molar equivalent), and then 0.4 mL of a 7.5 mM solution of methylene blue was added for a
final gelator concentration of 20 mM and a final cargo concentration of 0.5 mM in a 6 mL solution.
GdL was added by the procedure stated above to 1 mL aliquots of these solutions. Images of all
variations of hydrogels are in the Supplementary Information (Figures S4-S6).

Transmission Electron Microscopy. TEM images were obtained using a Hitachi 7650
transmission electron microscope with an accelerating voltage of 80 kV. Aliquots of hydrogels (10
uL) were applied directly onto 100 mesh carbon-coated copper grids and allowed to stand for 1
min. Excess sample was carefully removed by capillary action using filter paper and then the grids
were stained with uranyl acetate (8 puL) for 2 min. Excess stain was removed via capillary action
and the grids were allowed to air-dry for 10 min. Dimensions of nanostructures were determined
using Imagel software and are reported as the average of at least 100 independent measurements
with error reported as the standard deviation about the mean value for these measurements (Table
S1 and S2). TEM images for all hydrogel variations are in the Supplementary Information
(Figures S7-S12).

Oscillatory Rheology. Rheological measurements were obtained using a TA Instruments
Discovery HR-2 rheometer. A 20 mM parallel plate geometry was used for the experiments.
Hydrogels were formed at a 1 mL volume in 1.5 mL plastic microcentrifuge tubes. Immediately
prior to rheological characterization, the plastic tube containing the hydrogel was cut at the 0.5 mL

line using a razor blade and the cylindrical hydrogel was placed directly on the rheometer stage
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for characterization. Experiments were performed using a 1.2 mm gap size operating in oscillatory
mode. Strain sweep experiments were performed from 0.01 to 100% strain at a frequency of 6.283
rad s°! to determine the linear viscoelastic region for each hydrogel. Frequency sweep experiments
were performed from 0.1 to 100 rad s! at a constant strain of 0.2%, which falls within the linear
viscoelastic region for all hydrogels examined. Reported values for storage and loss moduli (G’
and G”, respectively) are the average of at least three distinct measurements on separate hydrogels
with the error reported as the standard deviation about the mean (Table S3). See the Supplementary
Information for strain sweep data and frequency sweep data not included in the main text (Figures
S13-S24).

Sustained Release Assays. Hydrogels containing cargo were prepared as described above in 2-
dram glass vials to form a 1 mL hydrogel with 20 mM gelator and 0.5 mM cargo. The next day,
1.5 mL of an isotonic solution (114 mM NaCl for cationic gels and water for anionic gels) was
slowly deposited over the top of the hydrogel and the vial was sealed. Aliquots of the layered
solution (100 pL) were removed at 2 min, 20 min, 40 min, 60 min, 2 h, 3 h, 4 h, 6 h, 8 h, 24 h, 48
h, 72 h, and 96 h from the time the buffer was initially layered on top of the gel. After removing
each aliquot, the volume of removed buffer solution was immediately replaced by an equal volume
of isotonic solution. The concentration of methylene blue or naphthol yellow S in each aliquot was
determined by measurement of the absorbance at the A, of the dye (666 nm for methylene blue
and 428 nm for naphthol yellow S) using a Tecan Infinite M1000 microplate reader and correlation
of the absorbance to a standard concentration curve. The concentration curves were constructed
by recording the absorbance of serial dilutions of a solution of known dye concentration (Figure
S25). The concentration of caffeine in each aliquot was determined by injection onto an analytical

HPLC instrument (Shimadzu 2010A) equipped with a Phenomenex Gemini 5 pm C18 column
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(250 x 4.6 mm) and correlation of the integrated peak area of caffeine to a standard concentration
curve. A gradient of water and acetonitrile, both containing 0.05% trifluoroacetic acid, was used
as the mobile phase at a flow rate of 1 mL/min and UV detection was monitored at 215 nm. The
concentration curve was constructed by injection of serial dilutions of a solution of known caffeine
concentration onto the HPLC under the defined mobile phase conditions (Figure S25). These
methods enabled interpolation of the amount of cargo released into the 1.5 mL solution at each
time point by conversion of concentration of cargo into umol of cargo. The diffusion constant was
determined using Equation 1, a non-steady state diffusion model equation, where M,/M., (unitless)
is the ratio of molecules of cargo released to the total molecules of cargo in the system, ¢ is the

time (min), 4 is gel thickness (height, m) and D is the diffusion constant (m? min!).13-5.61

) M, Dt
Equation 1. T 4 Y

For each timepoint, the concentration of cargo in the aliquot was used to calculate the total
amount of cargo present in the 1.5 mL layered solution in pmol. For the first timepoint, this value
was used directly as M,, but for subsequent timepoints the amount calculated for M, was adjusted
to include the amount of cargo removed in prior aliquots so that M, reflected the total amount of
cargo released from the hydrogel from the start time to time ¢. The data were collected in triplicate
and plotted as M,/M,, vs. t (min) with the error reported as the standard deviation about the mean
(Figure 3). A second plot was constructed by plotting M,/M,, vs. t'/? (min'?) from the initial linear
section of the first plot (consisting of the first 120 minutes of the release study) (Figure 4).

Equation 1 can be rearranged to yield a linear relationship between M,/M,, and ¢? (s'/?) as follows:

10
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Thus, the diffusion coefficient, D (m? s''), was determined by measuring the slope of M,/M,, vs.
2 (s'2) from the second plot and setting this value equal to the coefficient of 72 (s'2) above in
order to solve for the value of D (m? s!).

For convenience, these release studies were conducted at 25 °C. We have previously shown
that hydrogels of 1a—3a release the NSAID diclofenac efficiently at 37 °C and are viable for
delivery of this drug in vivo over a period of several weeks.>¢ Since the purpose of this study is to
determine the effects of charge on the release of model molecules from these hydrogels in vitro
we chose to conduct these comparative studies at room temperature. Increasing the temperature

does not affect the comparative release trends, but simply slightly increases the rate of release.

Results and Discussion

Hydrogel Formulation. Cationic Fmoc-Phe-DAP gelators 1a—3a were synthesized by coupling
1,3-diaminopropane to the C-terminus of Fmoc-Phe derivatives 1b—3b via amide bond formation
by a modified version of our prior synthesis.’” We have previously shown that meta-fluorination
or perfluorination of the phenyl ring of Phe-derived gelators yields hydrogels with superior
viscoelastic properties.>”-92-63 Thus, we chose to examine cargo release from Fmoc-Phe-DAP (1a),
Fmoc-3F-Phe-DAP (2a), and Fmoc-Fs-Phe-DAP (3a) cationic hydrogels (Figure 1A). These
gelators are soluble in water due to the positively charged amine and remain mostly unassembled
due to the electrostatic repulsion of monomeric units. Addition of saline to the gelator solution
masks the positive charge between monomeric units, triggering rapid self-assembly and gelation.
Detailed protocols for gelation of these derivatives may be found in the Experimental. We

hypothesized that the positively charged hydrogel network should repel cationic cargo, facilitating

11



Journal of Materials Chemistry B

its release from the network, while anionic cargo should be released to a lesser extent due to
Coulombic attraction between the gel network and cargo.

As a comparison to the cationic hydrogels, we surmised that we could use the parent amino
acids Fmoc-Phe (1b), Fmoc-3F-Phe (2b), and Fmoc-Fs-Phe (3b) (Figure 1B) as a model anionic
hydrogel system. Hydrogels of 1b—3b were prepared using the glucono-o-lactone (GdL) pH switch
method of gelation originally described by Adams and coworkers.* Detailed protocols for gelation
of these derivatives may be found in the Experimental. Briefly, the gelators were dissolved in water
using an equimolar amount of 0.1 M NaOH to fully deprotonate the C-terminal carboxylic acid.
Then, GdL was added to the high pH solution of gelator to trigger self-assembly and gelation over
several hours. GdL is slowly hydrolyzed under basic conditions, releasing a steady stream of
protons to reprotonate the C-terminus of the gelator and induce gelation. We hypothesized that the
hydrogel network should still retain an overall negative charge, since gelation occurs when the pH
is near the apparent pK, of the gelator and some of the C-termini remain deprotonated.®>-%¢ Thus,
anionic cargo should be repelled and released from hydrogels of 1b—3b, while cationic cargo
should be released to a much lesser extent.

We chose a uniform gelator concentration of 20 mM for all hydrogels based on the upper
solubility limits of anionic gelators 1b—3b. Water-soluble dyes methylene blue (MB) and naphthol
yellow S (NY) were chosen as the charged cargo for ease of hydrogel loading and quantification
by UV-vis spectroscopy (Figure 1C). For further comparison, we expanded our cargo set to
include a neutral molecule, caffeine, that would not interact via electrostatics with any of the
hydrogel networks. All cargo molecules were encapsulated in the various hydrogel networks by
adding them to each gelator solution prior to triggering gelation by the addition of NaCl or GdL

for the cationic and anionic hydrogels, respectively. Detailed protocols for formulation of all cargo

12
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loaded hydrogels may be found in the Experimental. Self-supporting hydrogels were formed for
all combinations of gelator and cargo as indicated by stability to vial inversion (Figures S1-S6).
We also determined the pH of each hydrogel in order to maintain, as much as possible,
constant pH conditions for each system. To accommodate efficient gelation conditions for the
majority of the gelators, hydrogels were formulated at approximately pH 6 in all cases except for
gelator 1b. Though gelators 1a—3a can tolerate gelation under a range of pH values as previously
reported,’’ it has been well established that anionic gelators such as 1b—3b form hydrogels in a
much narrower pH range dictated by the identity of the gelator.*!-53:64 Adams and coworkers have
previously reported the tendency of Fmoc-Phe (1b) to precipitate from the gel state at lower pH
values, which we also observed for samples of 1b at pH 6.4 Thus, hydrogels of 1b had to be
formulated at pH 7 to ensure stable gels were formed. Hydrogels of 2b and 3b were found to be
most stable at pH 6. To verify that the small difference in pH would not significantly affect our
ability to compare subsequent release studies, hydrogels of gelator 3a were loaded with MB at pH
6 and pH 7. No significant differences in MB release from these gels were observed, giving
confidence that release in these pH ranges (6—7) is not significantly impacted by pH. It should also
be noted, that even though these gels were not formulated at physiological pH in this study, we
have previously shown that gels of 1a—3a are stable under physiological conditions in in vivo drug
delivery studies.>¢
Characterization of Cargo Release Kinetics from Hydrogel Networks. Cationic and anionic
hydrogels were first loaded with MB and NY to determine the effect of network charge on the
release of charged cargo. Isotonic solutions of aqueous NaCl for cationic gels and nanopure water
for anionic gels were used for layering to avoid any destabilization or erosion of the hydrogel

network during prolonged contact with the layering solution. Upon layering cationic hydrogels of

13
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1a—3a containing cationic MB dye with 114 mM NacCl solution, the layering solution appeared
visibly blue within the first 30 minutes of surface contact and continued to darken over several
days until the dye saturated the solution (Figure 2A, B). Strikingly, cationic hydrogels containing
anionic NY dye did not show visible evidence of release from the cationic network into the liquid
layering solution, even after several weeks in contact with the layering solution (Figure 2A, B).
No measurable concentration of NY was detected by absorbance in an aliquot of this solution,
confirming our qualitative observation that the NY was completely retained by the cationic
network. Conversely, the opposite was observed for release of cargo molecules from anionic
hydrogels of 1b-3b into layered solutions of water. Visible release of anionic NY from hydrogels
of 1b-3b into the layering solution was observed, while no cationic MB was visibly present in the
water layer after several weeks (Figure 2C, D). Again, no measurable amount of MB was detected

in the layering solution, confirming that cationic MB was retained by the anionic network.

Figure 2. Representative images of hydrogels layered with isotonic solution after a saturating
release study. (A) Hydrogels of 2a loaded with MB (left) and NY (right) that were layered with
114 mM NacCl, showing release of MB and retention of NY. (B) Inverted vials from Panel A. (C)

14

Page 14 of 35



Page 15 of 35

Journal of Materials Chemistry B

Hydrogels of 2b loaded with MB (left) and NY (right) that were layered with water, showing
release of NY and retention of MB. (D) Inverted vials from Panel C.

Based on these qualitative observations, we pursued a quantitative characterization of the
release kinetics for each cargo/hydrogel combination that exhibited release. Caffeine was included
as a neutral cargo for release studies to have a direct point of comparison between the cationic
hydrogels and anionic hydrogels, since only dyes with the same charge as the hydrogel were
released. The release of each cargo at 25 °C was monitored for 96 hours after layering the hydrogels
with an isotonic solution (detailed release study protocols may be found in the Experimental).
Aliquots of the layered solution were removed at predetermined timepoints and the amount of
cargo released was determined from the concentration of the molecule in each aliquot. The ratio
of the amount of cargo released after # minutes to the total amount of cargo loaded in the hydrogel
(M/M.,,) was plotted against time (¢, min) to characterize the cumulative release (Figure 3, Table

1).55,61
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Figure 3. Cumulative release profiles indicating the fraction of cargo released (M,/M.,) vs. time in
minutes from 20 mM hydrogels over 96 hours. Total amount of cargo released after 96 hours is
tabulated in Table 1. (A—C) Release of MB (blue) and caffeine (gray) from cationic hydrogels of
(A) gelator 1a, (B) gelator 2a, and (C) gelator 3a. (D-F) Release of NY (yellow) and caffeine

(gray) from anionic hydrogels of (D) gelator 1b, (E) gelator 2b, and (F) gelator 3b.

Table 1. Cumulative release of cargo from hydrogels after 96 hours.

MB NY Caffeine

Gelator Released Released Released
(%) (%) (%)

la 343 +£2.1 - 69.1 £0.2

2a 314+1.0 - 68.3+04

3a 523+22 - 70.1 £0.6

1b - 68.9+04 71.7£1.5

2b - 709+1.1 67.2+09

3b - 714+02 63.5+04

16
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The cumulative release of caffeine was consistent for all six hydrogels. Between 63—72%
of the total amount of encapsulated caffeine was released from the gels over 96 h (Figure 3, Table
1). This indicates that the neutral caffeine molecules, which do not form charge-based interactions
with either gel type, interact with the cationic and anionic hydrogel systems in a similar fashion.
Similarly, about 70% of the anionic NY dye was released from all three anionic hydrogels of 1b—
3b (Figure 3D-F, Table 1), indicating that the NY release is not strongly influenced by differences
in the phenyl ring fluorination patterns. However, only about 35% of the cationic MB dye was
released from cationic gels of 1a and 2a, while 50% of the MB loaded into gels of 3a was released
(Figure 3A—C, Table 1). The reason for lower overall release of MB compared to the other two
cargo is not clear, but it could be due to increased noncovalent interaction with the network. MB
has a more extensive aromatic ring system than caffeine or NY, so MB molecules could have
stronger n-7 interactions with the aromatic regions of the gelators, causing more MB to be retained
in the network. Additionally, the MB release data suggest that specific cargo/gelator interactions
may be important for the release of MB from cationic hydrogels. The phenyl side chain of Fmoc-
Fs-Phe-DAP (3a) has an altered quadrupole moment compared to Fmoc-Phe-DAP (1a) and Fmoc-
3F-Phe-DAP (2a), which could result in less favorable interactions between the gelator network
and MB, resulting in the higher amount of MB release from gels of 3a over the course of the
experiment.

The rate of diffusion for each cargo/hydrogel system was also determined from the release
study data. The diffusion coefficient (D, m? s-!) for a system can be determined using Equation 1,
derived from Fick’s second law of diffusion (see Experimental). A plot of M,/M,, vs. t'? was linear
for the first 120 minutes of each release study, indicating Fickian diffusion, and the average

diffusion coefficient D for each hydrogel/cargo combination was calculated from the slope of this
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plotted data (Figure 4, Table 2).5-¢! Similar trends can be seen for D values as were observed for
the cumulative release numbers. Caffeine and NY released from gels had an average diffusion
coefficient near 1 x 101 m? s*!, but for MB it was about half that value when releasing from gels
of 3a, and an order of magnitude lower when releasing from gels of 1a and 2a (Table 2). The
cargo/network interactions discussed previously likely are responsible for the decreases in the
diffusion coefficient for MB compared to NY and caffeine, since they broadly trend the same as

the decreases in cumulative release.
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Figure 4. A linear correlation is observed when M,/M,, is plotted against #'? during the first 120
minutes of cargo release from hydrogels. The slopes obtained were used to calculate the diffusion
coefficients found in Table 2. (A—C) Release of MB (blue) and caffeine (gray) from cationic
hydrogels of (A) gelator 1a, (B) gelator 2a, and (C) gelator 3a. (D—F) Release of NY (yellow) and
caffeine (gray) from anionic hydrogels of (D) gelator 1b, (E) gelator 2b, and (F) gelator 3b.

Table 2. Diffusion coefficient (D, 101 m? s*') of cargo releasing from hydrogels calculated from
the slope of M,/M,, vs. 2 for the first 120 minutes of release.
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Gelator MB NY Caffeine
(1010 m? s (1010 m?2 s (1010 m2 s
la 0.146 £ 0.003 - 1.42 £0.05
2a 0.16 £ 0.01 - 1.17 £0.05
3a 0.64 +0.09 - 1.35+0.11
1b - 1.23+£0.10 0.86+0.03
2b - 1.83 £0.16 1.40 £ 0.05
3b - 1.74 £0.16 1.24 +0.03

Viscoelastic Properties of Unloaded vs. Loaded Hydrogel Systems. To determine if loading
cargo into the hydrogels had any effect on their emergent properties, every hydrogel/cargo
combination was characterized by oscillatory rheology and transmission electron microscopy
(TEM). First, the nanomorphology of each network was examined by TEM, both after gelation
and after 96 hours of interfacial contact with a layering solution (Figures S7-S12, Table S1 and
S2). The different gelators assemble to produce distinct nanostructures that vary in size and shape
dependent on the identity of the gelator, but we did not observe a significant difference in
morphology when comparing unloaded and loaded hydrogels of the same gelator. Small
differences were observed only among samples of Fmoc-Phe-DAP (1a) hydrogels (Figure S7).
We have previously noted that cationic gelators 1a—3a self-assemble in a hierarchical process by
first forming thin fibrils that subsequently laminate to form flat nanotapes or nanoribbons, which
can further twist to ultimately form nanotubes.’®>7 The amount of time this process takes is
dependent on pH, temperature, and gelator identity, and we have previously observed that 1a
seems to undergo the transition to nanotapes and nanotubes more readily than its fluorinated
counterparts 2a and 3a.’%>7 A similar pattern was observed here in the images taken at the later
timepoint, with hydrogels of 1a comprised of a heterogeneous mixture of fibrils, nanotapes, and
nanotubes, hydrogels of 2a comprised primarily of flat ribbons of laminated fibrils, and hydrogels

of 3a comprised of small bundles of fibrils (Figures S7—S9, Table S1). For the anionic gelators
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1b—3b, thin, high-aspect ratio fibrils were observed in all cases as has been previously reported
(Figures S10-S12, Table S2).6>%3 In a few cases, some larger structures or bundles of fibrils were
also observed in hydrogels that were visually more opaque, but fibrils were still the dominant
species in these samples (Figures S11, S12).

Hydrogel viscoelasticity was examined by oscillatory rheology for all cargo/hydrogel
combinations (see Experimental for detailed protocols). Hydrogels were formulated with and
without cargo and strain sweep measurements were performed on each gel in order to characterize
the linear viscoelastic region for each gel prior to the performance of frequency sweep
experiments. A strain value of 0.2% strain was found to be within the linear viscoelastic region for
all gels (Figures S13—S18). Frequency sweep experiments were then performed within the linear
viscoelastic region to measure the storage moduli (G') and the loss moduli (G") as a function of
angular frequency for all cargo/hydrogel combinations (Figure S, Table S3). Values of G’
exceeded G” by an order of magnitude and were independent of frequency for all gelators except
1b, indicating structurally robust materials.%” Hydrogels of 1b exhibited a modest frequency
dependence, indicating a more fluid-like dynamic network than the other materials studied (Figure
5D).%7 Only hydrogels of 1a showed high variation in G’ and G” values when comparing loaded
and unloaded gels, ranging from 23.5-164.9 kPa and 4.8-23.9 kPa, respectively (Figure SA,
Table S3). As noted above, hydrogels of 1a were made up of a heterogeneous mixture of fibrils,
nanotapes, and nanotubes. The exact composition of this dynamic mixture might vary between
gels loaded with different cargo due to cargo participation in the hierarchical assembly process,
and the distribution of fibrils, nanotapes, and nanotubes likely influences the overall viscoelastic
properties of the material. As a result, the variability in storage and loss moduli is much higher for

hydrogels of 1a than for any of the other hydrogels.
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The remaining hydrogels both with and without cargo were highly consistent in
viscoelastic character. Hydrogels of 2a and 3a across all load variations had average G" and G”
values 0f 397.5 + 50.2 kPa and 73.9 + 8.0 kPa (2a), and 138.5 £21.9 kPa and 32.6 + 8.9 kPa (3a),
respectively (Figure 5B, C, Table S3). The hydrogels of 2a had the highest moduli of the Fmoc-
Phe-DAP series as we have reported previously.’*>7 Anionic hydrogels had average G’ and G”
values of 19.2 + 6.0 kPa and 3.6 + 0.4 kPa (1b), 554.8 + 71.2 kPa and 46.0 + 22.1 kPa (2b), and
545.3 £92.3 kPa and 59.5 + 14.6 kPa (3b), respectively (Figure SE, F, Table S3). The fluorinated
gelators had similar but superior viscoelastic strength when compared to the nonfluorinated Fmoc-
Phe gelator 1b, as we have previously reported.2-93:%% The reasons that Fmoc-Phe (1b) forms
inferior hydrogels to fluorinated derivative (2b and 3b) to is, as yet, not completely understood.
However, subtle differences in hydrophobicity may contribute to these properties. Structural
studies from our group have also suggested that side chain fluorination enhances intermolecular
dipolar interactions within the self-assembled fibrils, which also contributes to the observed
differences in emergent viscoelasticity, although the correlation between self-assembly propensity
and emergent gel rigidity is still a mystery.%°-7% Overall, the presence of cargo did not observably
affect the emergent properties of the hydrogels, indicating that these materials can tolerate small

molecule cargo in a predictable manner.
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Figure 5. Representative frequency sweep data collected via oscillatory rheology for 20 mM
unloaded hydrogels (black) and hydrogels loaded with MB (blue), NY (yellow), and caffeine
(green). G" and G" values (Pa) are represented by closed circles and open circles, respectively. (A-
C) Frequency sweeps for cationic hydrogels of (A) gelator 1a, (B) gelator 2a, and (C) gelator 3a.
(D-F) Frequency sweeps for anionic hydrogels of (D) gelator 1b, (E) gelator 2b, and (C) gelator
3b.

Discussion. We have demonstrated that the charge of LMW supramolecular hydrogel networks
significantly affects the release profile of charged small molecule cargo. Under the conditions
examined here, pairing a hydrogel system and cargo molecule with complementary charges
effectively prohibited release of the cargo. It is important to recognize, however, that this is a
function of the gelator/cargo concentrations used in this study (0.5 mM cargo to 20 mM gelator)
and that at different gelator/cargo ratios, release of cargo with complementary charge to the

hydrogel network is possible. For example, in a recently published study, we demonstrated release
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of the anionic drug diclofenac from cationic Fmoc-Phe-DAP hydrogels.”® However, in this
previously published work, the concentration of diclofenac in the hydrogels was 15.7 mM in 33.7
mM gelator, which is over 30 times higher than the amount of cargo loaded into hydrogels in the
work reported herein. Even at such high concentrations of diclofenac, the rate of release was
several orders of magnitude slower than was observed for like-charged and neutral cargo release
in the present study; the maximum amount of diclofenac released was only 1.4% after 72 hours,
while between 28—-48% of like charged cargo was released over the same time frame in the present
study. Taken together, these observations confirm that release of cargo from hydrogels is at least
very inefficient when the cargo and the hydrogel bear complementary charge. Slow release,
however, may be advantageous under conditions where sustained delivery of cargo is required
over long periods of time. In our aforementioned diclofenac study, the slow release of diclofenac
enabled functional pain mitigation in a mouse model for nearly 2 weeks upon injection of the
hydrogel. Thus, the charge of molecular cargo and of the hydrogel network are critical design
elements in the formulation of hydrogels for drug delivery applications.

The release profile of cationic MB from cationic hydrogels also bears further discussion.
Specifically, we observed that after 96 hours, 35-50% of cationic MB was released from cationic
hydrogels. Over the same time period, approximately 70% of the total amount of anionic NY was
released from anionic hydrogels and approximately 70% of the total amount of neutral caffeine
was released from both neutral and cationic hydrogels. In addition, the rate of release of MB was
an order of magnitude slower that the rate of release for NY and caffeine. There are several reasons
that can potentially explain the less efficient release of MB from cationic hydrogels relative to the
corresponding anionic and neutral cargo release profiles. First, we can consider that the density of

charge may differ between the cationic and anionic hydrogels due to the different methods of
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gelation, which would be expected to influence cargo release rates. The cationic Fmoc-Phe-DAP
hydrogels (1a—3a) effectively display 20 mM cationic ammonium groups at 20 mM gelator since
the pH of the hydrogels are well below the effective pK, of the ammonium functionality. In
contrast, the anionic Fmoc-Phe hydrogels (1b—3b) undergo gelation under conditions in which the
pH is gradually lowered as a function of GdL hydrolysis. The final pH of these anionic hydrogels
is similar to the apparent pK, of the Fmoc-Phe carboxylic acid groups in the context of the self-
assembled material, resulting in an effective anionic charge density of approximately 10 mM
carboxylate at gelator concentrations of 20 mM (roughly 50% of the carboxyl groups are
deprotonated in the assembled state). Thus, cationic cargo in hydrogels of 1a—3a effectively
interact with twice as many positive charged groups in the hydrogel network compared to the
negative charged groups that anionic cargo experience in hydrogels of 1b—3b. Thus, we would
expect that the rate of release of MB from cationic hydrogels should be faster than the rate of
release of NY from anionic hydrogels. This is the opposite of the observed trends.

However, it is not obvious from the data that charge plays a significant role in the release
of cargo from hydrogels of like charge, even though the effect of complementary charge on cargo
retention has been clearly demonstrated. The rate of release of anionic NY from anionic hydrogels
was only slightly faster than the release of neutral caffeine from the same hydrogels, even though
it would be reasonable to predict that NY would have released at a much higher rate due to
repulsion between it and the anionic network. Furthermore, in hydrogels of 1a slightly less NY
was released by the end of the study than caffeine, the opposite of what would be expected if
repulsive forces were important. Thus, there does not appear to be a strong repulsive effect between
like charged cargo and hydrogel networks that results in any notable expulsion of the cargo from

the network. Based on these observations, it is not likely that variations in the charge density of
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the cationic and anionic networks would have been the cause of such a dramatic difference in the
release of MB compared to the other cargo.

Since charge effects cannot adequately explain this puzzling disparity in the comparative
release profiles MB from cationic and NY from anionic hydrogels, we must consider that specific
effects that arise from hydrogel network morphologies must also influence release of cargo from
the hydrogels. The Fmoc-Phe-DAP series of gelators (1a—3a) assemble to form structures with
varying morphology depending on the identity of the gelator. Hydrogels of 1a consist of flat
nanotapes and nanotubes, hydrogels of 2a consist of ribbons of 2—6 laminated fibrils, while
hydrogels of 3a are composed of fibril bundles devoid of wider nanoribbon structures. Release of
MB from hydrogels of 3a is more efficient (approximately 50% of total MB release over 96 hours)
than from hydrogels of 1a and 2a (approximately 30% total MB release over 96 hours). It is
possible that MB may have increased interactions with the flatter nanostructures, possibly through
surface m-m or cation-m interactions, resulting in higher retention of MB in hydrogels of 1a and 2a
than in hydrogels of 3a. However, this phenomenon does not appear to be general, as caffeine
release was unaffected by the different network morphologies in the cationic hydrogel networks.
These fascinating observations invite further study into the specific non-electrostatic interactions
that influence release of cargo from hydrogel networks. These future studies will include efforts
to correlate the effects of the structure of molecular cargo and the structural morphology of the
hydrogel network to release profiles of cargo from the networks, which will provide even greater
insight into design parameters for the formulation of supramolecular hydrogels that are tuned to
specific molecular cargo for drug delivery.

Overall, the emergent viscoelastic properties of these hydrogels appear to have a very

subtle impact on release of small molecule cargo. No strong correlations between viscoelastic
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properties and release were observed for any combination of cargo and hydrogel. The release
profiles of MB, NY, or caffeine from the respective hydrogel series appear to be independent of
G' and G”, which can vary by an order of magnitude across the materials reported herein. For
example, even though caffeine and MB released at different rates and cumulative amounts from
cationic hydrogels of 2a or 3a, the viscoelasticity of the caffeine and MB loaded hydrogels was
very similar. Since all hydrogels were kept at a constant 20 mM concentration of gelator it is
possible that the differences in network viscoelasticity are not significant enough to impact cargo
release. Comparison of hydrogels in which gelator concentration is varied more dramatically to
give wider ranges of storage and loss moduli would be expected to impact release profiles of cargo
molecules more significantly. As such, modification of emergent viscoelastic character of
hydrogels should not be overlooked as another tool to further tune release rates from LMW

supramolecular hydrogels for drug delivery.

Conclusion

Herein, we have demonstrated the significant impact of electrostatic interactions on the
release of charged cargo from charged supramolecular hydrogels. Notably, cargo was highly
retained within a network of complementary charge, but readily released from a network with like
charge. More subtle effects were observed when comparing release profiles of MB to those of NY
and caffeine, which may be due to specific molecular interactions between MB and the cationic
network. These data underscore the fact that one type of supramolecular hydrogel may not be
effective as an all-purpose drug delivery vehicle. While LMW Phe-derived supramolecular
hydrogels are innovative, inexpensive alternatives to peptide hydrogels, it is yet paramount to

understand the principles that influence cargo release. When designing supramolecular hydrogels
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for drug delivery, special consideration must be given to the charge of both the target cargo and
the hydrogel network. Appropriately incorporating these chemical characteristics into the design
of drug delivery materials will enable precise tuning of release profiles of the cargo molecules for
applications in which sustained release is desired. Novel hydrogel delivery systems that are
precisely tuned to deliver molecular cargo over a specified time period are highly desirable, and
the work reported herein elucidates important design principles for the next generation of LMW

supramolecular hydrogels for the drug delivery.
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