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Antiviral Supramolecular Polymeric Hydrogels by Self-Assembly of 
Tenofovir-Bearing Peptide Amphiphiles 
Maya K Monroe,a,b Han Wang, a,b Caleb F Anderson,a,b Meng Qin,a,b Chloe L Thio,c Charles Flexner,d 
and Honggang Cui*a,b,e,f,g

The development of long-acting antiviral therapeutic delivery systems is crucial to improve the current treatment and 
prevention of HIV and chronic HBV. We report here on the conjugation of tenofovir (TFV), an FDA approved nucleoside 
reverse transcriptase inhibitor (NRTI), to rationally designed peptide amphiphiles (PAs), to construct antiviral prodrug 
hydrogelators (TFV-PAs). The resultant conjugates can self-assemble into one-dimensional nanostructures in aqueous 
environments and consequently undergo rapid gelation upon injection into 1xPBS solution to create a drug depot. The TFV-
PA designs containing two or three valines could attain instantaneous gelation, with one displaying sustained release for 
more than 28 days in vitro. Our studies suggest that minor changes in peptide design can result in differences in 
supramolecular morphology and structural stability, which impacted in vitro gelation and release. We envision the use of 
this system as an important delivery platform for the sustained, linear release of TFV at rates that can be precisely tuned to 
attain therapeutically relevant TFV plasma concentrations

Introduction
A significant challenge in the advancement of chronic 

antiviral therapeutics is the achievement of long-acting release 
to prolong dosing intervals. There is substantial patient interest 
in long-acting treatment strategies, including long acting 
injectable (LAI) formulations, for the treatment of chronic 
infections resulting from hepatitis B virus (HBV) and human 
immunodeficiency virus (HIV).1–5 Such therapeutic formulations 
are necessary to meet the diverse needs of the patient 
population, thereby improving quality of life and treatment 
adherence.5–10 Tenofovir (TFV) is a crucial frontline treatment 
for both chronic HBV and HIV, successfully controlling viral 
replication and consequently slowing progression to severe 
disease.11,12 Despite this dire medical need, there are no FDA 

approved long-acting formulations of TFV or any other HBV 
therapeutic.

This is due to the fact that most antiviral LAI delivery 
strategies employ formulation of therapeutics into 
nanosuspensions and tenofovir is a highly hydrophilic (log P = -
2.5) nucleotide reverse transcriptase inhibitor (NRTI) that is 
consequently unsuitable for nanosuspension formulation.13–16 
As a result, much of the research into LAI TFV has focused on 
masking the hydrophilicity of the parent drug so that it can be 
successfully converted into nanocrystals or semi-solid 
nanoparticles for a nanosuspension.17,18 However, the need for  
potentially irritating excipient materials in such 
nanosuspensions has led to frequent injection site reactions in 
both experimental and FDA-approved antiretroviral LAIs.18–20 
While these reactions are less severe than the tissue necrosis 
associated with TFV implants,21 they are still significant enough 
to dissuade patient interest.19,20 Consequently, a novel 
formulation strategy is necessary that can form a drug depot in 
situ without the need for any excipient materials. 

Self-assembling peptides represent a potential class of LAI 
biomaterials, due to their ability to form supramolecular 
polymeric hydrogels under physiological conditions with great 
biocompatibility and tunable biodegradability.22–38  Through 
encapsulation or covalent conjugation of therapeutics, it is 
possible to use these systems to create a drug depot upon 
injection for long-acting release.39–47 Peptide amphiphile-based 
systems are of particular interest for drug delivery due to their 
robust and consistent self-assembly into filamentous 
structures, well understood sequence surface display, and 
robust synthesis protocols.48–56 Furthermore, previous work has 
demonstrated that the morphology,57–61 stability,61–65 
gelation,59,61,66 and release39,67–71 of these self-assembling 
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platforms can be controlled through changes to the peptide 
sequence, number or type of hydrophobic moiety, linker 
chemistry, hydrogen bonding propensity, and surface charge. 
As changes to these supramolecular properties can impact drug 
delivery outcomes, drug-containing peptide amphiphile 
systems are especially well suited for adoption as highly 
tunable, long-acting injectable drug delivery platforms. Beyond 
being naturally biocompatible, biodegradable, and 
biomimetic,72–75 such an LAI system has a fixed drug loading 
content if covalent conjugation is employed, can be applied to 
a variety of ARVs with differing physicochemical properties, and 
sequesters the prodrugs within the nanostructures, thereby 
attaining extremely high concentrations of therapeutic within 
the hydrogel depot while avoiding the toxicity issues observed 
in TFV implants. In this context, by conjugating TFV to an 
amphiphilic peptide sequence, we created a series of self-
assembling prodrug hydrogelators that can attain 100% prodrug 
loading, instantaneous gelation, and sustained release without 
the need for excipient materials and that exhibit tunable 
properties for optimization of TFV delivery and release.

Experimental
TFV-etpSS-Pyr and TFV-PA Synthesis and Purification

TFV-etpSS-Pyr was synthesized using an adaptation of a previously 
reported procedure (Fig. S2).76 After evacuating the air and purging 
the reaction flask with argon, excess oxalyl chloride (0.9 mL, 10.52 
mmol) was added dropwise to a stirring solution of DMF (160 μL, 2.09 
mmol) and dry tenofovir (0.5 g, 1.74 mmol) dissolved in anhydrous 
dichloromethane (DCM, 20 mL) and allowed to react at RT under 
argon for 20 minutes. Excess solvent was then removed by rotary 
evaporation and the product was redissolved in anhydrous DCM (15 
mL) and chilled to 0 °C using an ice bath and purged with argon. 1.1 
equivalent of etpSS-Pyr (360 mg, 1.92 mmol) dissolved in anhydrous 
DCM (5 mL) was added to the chilled stirring solution, followed by 
the dropwise addition of pyridine (0.84 mL, 10.44 mmol) dissolved in 
anhydrous DCM (3 mL) under argon. The stirring solution was 
allowed to react at 0 °C for 15 minutes under inert conditions before 
being removed from the ice bath and allowed to warm naturally to 
RT and allowed to react closed to the atmosphere for an additional 3 
hours. Water (470 μL, 26.09 mmol) was added to the stirring solution 
and the mixture was allowed to stir for an additional 30 minutes to 
quench the reaction. Solvent was removed via rotary evaporation 
and then the product was air dried for 30 minutes. The product was 
redissolved in EtOH (25 mL) and allowed to react at 50 °C overnight, 
vented to the atmosphere. Solvent was then removed by rotary 
evaporation and the product was redissolved in 0.1% aq. TFA (30 mL) 
for purification via acidic phase RP-HPLC. The desired product 
fractions were collected, subjected to rotary evaporation to remove 
ACN, and lyophilized to give TFV-etpSS-Pyr. 1H-NMR (400 MHz, 
CD3OD, 25 °C, δ ppm) 8.39 (m, 2H), 8.34 (s, 1H), 7.84 (m, 2H), 7.22 (t, 
1H), 4.28- 4.48 (m, 2H), 4.12 (m, 2H), 3.98 (dd, 1H), 3.57-3.82 (m, 2H), 
3.02 (t, 2H), 1.18 (s, 3H); MS (ESI): 457.2 [M+H]+, 912.9 [2M+H]+, 
1368.7 [3M+H]+. The product was stored in a -20 °C freezer for future 
use.

TFV peptide amphiphiles (TFV-PAs) were synthesized by 
dissolving a 1:2 molar equivalent of PA (17.6-23.6 mg, 0.03 mmol) 
and TFV-etpSS-Pyr (27.4 mg, 0.06 mmol) in DMSO (1 mL), purging the 
reaction flask with nitrogen, and allowing the solution to stir for 5 
days. The TFV-PAs were then dissolved in 20-30 mL of 70:30 0.1% v/v 
NH4OH H2O:ACN and purified via basic phase RP-HPLC (samples were 
run at a gradient of 5% to 55% ACN over 25 min). Collected fractions 
were analyzed using MALDI-TOF or ESI MS to determine the fraction 
containing the desired product. Correct fractions were combined, 
subjected to rotary evaporation, and lyophilized. TFV-PAs were then 
dissolved in deionized water and the pH of the solutions were tuned 
to 7.4 prior to aliquoting the solutions into cryo-vials. Purity and 
concentration of the TFV-PAs was assessed using analytical RP-HPLC. 
The aliquots were re-lyophilized and subsequently stored in a -20 °C 
freezer for future use.

Anti-HBV Efficacy Studies

Anti-HBV efficacy was evaluated on HepAD38 cells, using an 
adaptation of a previously reported procedure.77 HepAD38 cells 
were plated on collagen coated 96-well flat-bottomed plates at 
a density of 6 x 10 4 cells/well and grown for 3 days in the 
presence of 200 μL of Ham's F-12K (Kaighn's) Medium  
supplemented  with  10%  fetal  bovine serum (FBS), 1% of an 
antibiotic solution (penicillin and streptomycin), and 0.3 mg/mL  
tetracycline at  37 °C  in  5%  carbon  dioxide. On day zero the 
cells were washed with PBS and treated with tetracycline-free 
F-12K medium containing TFV, TFV-PA2, or TFV-PA3 (180 μL of 
medium supplemented with 20 μL of 10x concentration 
therapeutic solution to give 200 μL of medium at the final 
therapeutic concentration). Each therapeutic was screened at a 
minimum of five concentrations in quadruplicate. Water 
treated cells (180 μL of medium supplemented with 20 μL of 
H2O) were used as the negative control. On day three the 
medium was removed and replaced with 200 μL of fresh 
tetracycline-free medium containing the test compound at the 
appropriate concentration. On day four, 150 μL of cell 
supernatant was collected and supplemented with 50 μL of 
nuclease free H2O, and DNA was extracted and eluted in 50 μL 
of nuclease-free water using QIAamp DNA blood mini kits 
(Qiagen, Germantown, MD) following the manufacturer 
provided spin protocol for DNA purification from blood or body 
fluids. HBV DNA was quantified by qPCR, using Integrated DNA 
Technologies PrimeTime Gene Expression Master Mix 
(Integrated DNA Technologies, Coralville, IA) and HBV TaqMan 
primer/probe (20x, Assay ID Vi03453405_s1, ThermoFisher 
Scientific, Pittsburgh, PA). A serial dilution of gBlocks Gene 
Fragments (Integrated DNA Technologies, Coralville, IA) of 
known HBV copy number was used as the standard for the 
absolute quantification of DNA copy number from cycle 
threshold values. All qPCR runs used the following cycling 
parameters for amplification of 2 μL of aqueous DNA: a 
preamplification cycle at 95 °C for 10 minutes, 50 cycles of 95 °C 
and 60 °C, followed by a melt curve, in accordance with the 
manufacturer’s protocol. Percent HBV production for each 
therapeutic concentration was determined based on average 
number of copies of HBV DNA produced by water treated cells 
and averaged between the three biological repeats of the assay 
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before being plotted against concentration. GraphPad Prism 
software was used to calculate the IC50 values (“[Inhibitor] vs 

Normalized Response” non-linear regression equation).

Figure 1: Tunable platform to direct the self-assembly and release of phosphonate-containing antiviral prodrugs. a) Molecular platform 
for the design of TFV-PAs: blue text and bonds represent the tenofovir (TFV) portion of the PA, green text and bonds represent the 
reducible etpSS linker, red text and bonds indicate the hydrophobic portion of the molecule (including the alkyl chain and valine residues), 
red boxes indicate points in the design where we made modifications for this design series. b) Schematic showing the proposed mechanism 
of self-assembly and systemic self-delivery for our platform. Intermolecular hydrogen-bonding between the peptide backbones of the TFV-
PAs drives axial filament growth, hydrophobic collapse of the valine side chains drives lateral growth of the filaments in water. Under 
physiological conditions, the filaments entangle to form a self-supporting gel due to salt-screening, resulting in the formation of a hydrogel 
drug depot following injection. c) Transmission electron microscopy image of TFV-PA3 aqueous solution (pH 7.4, conc. 1 mM), scale bar is 
200 nm. d) Picture of hydrogel formed from 10 mM TFV-PA3 solution following the addition of 10x PBS at a 10:1 ratio (to achieve 1x PBS).
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Results and Discussion
Molecular Design

Given the highly hydrophilic nature of TFV, a peptide amphiphile 
design with distinct hydrophilic and hydrophobic segments, a robust 
intermolecular hydrogen bonding sub-domain, and a relatively long 
alkyl tail was deemed to be necessary.22,23,48,60–62 In light of these 
considerations, we developed three molecular designs that 
incorporated one to three valines at the N-terminus, in an attempt 
to balance increased TFV content with enhanced intermolecular 
associative interaction forming propensity (Fig. 1a).61,78–81 The 
tenofovir moiety was covalently conjugated to a cysteine residue 
near the C-terminus of the peptide using a reducible disulfonyl-ethyl 
phosphonate linker (etpSS) to create the TFV-bearing peptide 
amphiphiles (TFV-PAs, named TFV-PA1, TFV-PA2, and TFV-PA3, 
respective to the number of valines incorporated in the sequence). 
For all designs, palmitic acid was incorporated at the N-terminus as 
the hydrocarbon tail of the peptide amphiphile, and glutamic acid 
was included at the C-terminus to provide distinct amphiphilicity to 
the molecules. The TFV-PAs self-assemble into filamentous 
structures in aqueous conditions due to hydrophobic collapse of the 
alkyl tails, with intermolecular hydrogen bonding of the peptide 
backbones driving axial growth (Fig. 1b&c).48 In the presence of 
physiologically relevant salt-concentrations, the supramolecular 
structures can physically entangle to form a hydrogel drug depot in 
situ (Fig. 1b&d). These TFV-bearing peptide amphiphiles differ from 
previous drug amphiphiles produced by our lab in that the 
therapeutic is not the hydrophobic component of the self-
assembling system and is consequently not the major driving force 
behind supramolecular polymerization. While TFV still contributes to 
self-assembly behavior, by linking it to a peptide-amphiphile with 
strong self-assembling propensity, we can, to an extent, decouple 
self-assembly from therapeutic content. This enables us to modify 
design considerations such as number and type of therapeutic 
moieties, without significantly impacting self-assembly, gelation, and 
release of the LAI drug delivery system. Such a coupling strategy 
results in a more general drug delivery platform that allows for future 
alterations so that the therapeutic-bearing peptide amphiphile 
design can be applied to other hydrophilic therapeutics.

Self-Assembly and Gelation

As supramolecular morphology, stability, packing, and gelation are 
all relevant characteristics for clinical adaptation of the TFV prodrug 
hydrogelators, it was necessary to fully characterize these features 
of the different TFV-PA designs. All three designs were shown to form 
nanobelts more than 1 micron in length at 1 mM concentration, with 
structures increasing in width from 10.0 ± 2.5, 11.8 ± 1.3, to 18.9 ± 
3.0 nm for TFV-PA1, TFV-PA2, and TFV-PA3, respectively (Fig. 2 and 
Fig. S6). This self-assembling propensity of all three TFV-PA designs is 
notable, as covalent conjugation of organophosphorus-based groups 
to peptide sequences has traditionally been used to impede self-
assembly or gelation, with cleavage of these groups in response to a 
trigger offering a way to engineer controlled delivery systems.32,43,82–

87 Consequently, the creation of PAs that incorporate a phosphonate 
group while still undergoing self-assembly and gelation in 
physiologically-relevant conditions is a significant accomplishment.

Figure 2: Supramolecular morphology and gelation of the prodrug 
designs a-c) Negatively stained transmission electron microscopy 
images of a) TFV-PA1, b) TFV-PA2, and c) TFV-PA3, scale bars 
represent 200 nm. d-f) Negatively stained transmission electron 
microscopy images of d) TFV-PA1, e) TFV-PA2, and f) TFV-PA3, scale 
bars represent 100 nm. Nanobelt widths of the different designs 
were measured to be 10.0 ± 2.5 nm, 11.8 ± 1.3 nm, and 18.9 ± 3.0 
nm for TFV-PA1, TFV-PA2, and TFV-PA3, respectively (data are given 
as mean ± SD, n = 35). inserts) Images of gels formed by the 
different designs by adding 10 ul of 10x PBS to 100 ul of 5 mM 
prodrug solution. The critical gelation concentrations (assessed by a 
simple inversion test) were between 5 and 10 mM for TFV-PA1, 
between 2 and 5 mM for TFV-PA2, and between 1 and 2 mM for 
TFV-PA3. 

We hypothesize that the difference in width between the 
supramolecular structures is a result of hydrophobic interactions 
between valines contributing to lateral growth of the filaments, with 
increased number of valines resulting in a corresponding increase in 
lateral growth and wider structures.58,88 This increase in nanobelt 
width also corresponded to an observable increase in persistence 
length of the filamentous structures. Surprisingly, despite an 
established correlation between flexibility of supramolecular 
structures and gelation propensity,59,89,90 the designs displayed 
improved gelation with increasing number of valines (Fig. 2d-f inserts 
and Fig. S8). The addition of phosphate buffered solution (PBS) (final 
concentration 1x PBS to mimic physiological salt concentrations in 
the extracellular environment)91,92 to 5 mM concentration solutions 
of the three molecular designs resulted in only partial gel formation
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Figure 3: Supramolecular stability and molecular ellipticity of the three designed TFV prodrugs in aqueous solutions. The critical 
micellization concentration of the different designs, as determined by a shift in the ratio of fluorescent intensity at 635 nm (indicating 
encapsulated Nile red) versus 660 nm (indicating free Nile red) for a) TFV-PA1 (54 µM), b) TFV-PA2 (51 µM), and c) TFV-PA3 (8 µM) (data 
are given as mean ± SD, n = 3). d) Circular Dichroism spectra of assembled solutions for TFV-PA1-3 designs (100 μM in H2O), indicating the 
strength of associative hydrogen bonding between molecules.

for TFV-PA1, weak gel formation for TFV-PA2, and robust gel 
formation for TFV-PA3. The critical gelation concentrations (CGCs) of 
the different designs were assessed by adding PBS (final 
concentration 1x PBS) to different concentrations of PA solutions and 
then performing a simple inversion test to demonstrate the 
formation of a gel (Fig. S8). The CGCs of the different designs were 
determined to be between 5 and 10 mM for TFV-PA1, between 2 and 
5 mM for TFV-PA2, and between 1 and 2 mM for TFV-PA3. 
Considering the desirability of instantaneous gelation for LAI 
formulation, 10 mM solutions of TFV-PA2 and TFV-PA3 were allowed 
to assemble in the presence of 10 mM Nile red and injected into 10x 
PBS (Supp. Videos S1 and S2). Both designs formed gels instantly 
upon injection, TFV-PA1 was not tested due to its inferior gelation 
properties.  

To understand the unexpected trend of gelation propensity, we 
investigated the stability of the supramolecular structures. The 
critical micellization concentrations (CMCs) of the different designs 

were determined by a Nile red encapsulation assay, which uses a 
fluorometer to identify the differential fluorescence of encapsulated 
Nile red (635 nm) versus free Nile Red; an increase in the intensity at 
635 nm suggests the presence of nanostructures. A lower CMC would 
correspond to enhanced stability of the structures and increased 
numbers of filaments, as more of the TFV-PAs are partitioned into 
supramolecular structures rather than existing as free monomers in 
solution, since the concentration threshold for supramolecular 
assembly is lower. Consequently, designs with a lower CMC would be 
expected to have improved gelation propensity. In correspondence 
with our hypothesis that the lower CGC of the three-valine design 
was a result of its improved supramolecular stability, TFV-PA 3 had 
the lowest CMC of the three designs, with the CMCs for TFV-PA1, 
TFV-PA2, and TFV-PA3 calculated as 54, 51, and 8 μM, respectively 
(Fig. 3a-c). CMC differences between designs can be partially 
attributed to differences in the supramolecular packing/hydrogen 
bonding within the structures. We employed circular dichroism, 
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which uses the differential absorption of left- and right-handed 
circularly polarized light, to determine the secondary structure of the 
peptide portion of the TFV-PAs. The CD spectra for the different 
designs showed increasing hydrogen bonding with increased number 
of valines, as indicated by the increased depth of the negative peak 
in the 216 nm range (Fig. 3d and Fig. S7). This is logical, as valines are 
known to be amino acids with a high propensity to form associative 
interactions through hydrogen bonding.78,79 Furthermore, we 
speculate that the hydrogen bonding differences between TFV-PA1 
and TFV-PA2 could explain the different CGC values between these 
designs, despite their similar CMCs, as the intermolecular 
associations might influence gelation.

Consequently, by adding hydrophobic amino acids we can 
increase the intermolecular interactions between our TFV-PAs, 
lowering the concentration of building units necessary for self-
assembly and resulting in more stable supramolecular structures 
with slower release behavior. As anticipated, the design with the 
largest intermolecular hydrogen bonding peak, TFV-PA3, displayed 
the lowest CMC, indicating that the design could form 
nanostructures at lower concentrations and that are correspondingly 
more robust. These results suggest that we can manipulate the 
associative interactions between supramolecular building units by 
varying the number of hydrophobic amino acids, in this case valines, 
in our peptide sequences. The different assembly characteristics of 
the TFV-PA designs are significant for clinical development as 
previous work suggests that supramolecular stability has a significant 
impact on release, efficacy, and toxicity of self-assembling 
prodrugs.64,71 As monomer disassociation from supramolecular 
structures and diffusion of those monomers from the PA hydrogel 
into the surrounding medium partially governs the TFV-PA release 
rate, it is possible to prolong the release profile by modifying the 
CMC of the PA design.71 In this way, we believe it is possible to attain 
and subsequently tune long-acting release by simple design 
modifications of the TFV-PAs, such as increasing the number of 
valines.

Therapeutic Release

We conducted in vitro gel release experiments to quantify release 
rates of free TFV-PAs from hydrogel depots. Hydrogels were formed 
at two different concentrations and then aged at 37 °C with a fixed 
volume of PBS solution to act as the release medium. The release 
supernatant was collected and exchanged at predetermined time 
points and sample concentrations were analyzed using RP-HPLC. 
Only the two and three valine designs were explored, as the gels 
formed by TFV-PA1 solutions were not robust enough to last beyond 
a few days. As expected from the CMC of the designs, the TFV-PA2 
hydrogels exhibited significantly faster release, with about 50% of 
the initial prodrugs released by day 14, than the TFV-PA3 hydrogels, 
which still retained more than 80% of the initial prodrugs on day 30 
(Fig. 4a). It is worth noting that the time scale of release for both TFV-
PAs considerably outperformed previously explored, physically 
loaded TFV hydrogels and polymer fibers, which reported 
approximately 95% TFV release within 24 hours.93,94 The TFV-PA2 
percent release rate was independent of hydrogel concentration, 
with both the 5 and 10 mM gels showing similar percent release (48% 
and 56% on day 14 for the 10 and 5 mM gels respectively, Fig. 4a), 
and the 10 mM gels releasing twice the total number of 

Figure 4: Release behavior of the designed prodrugs and 
hydrogels. a) Graph of in vitro prodrug release rate (as measured by 
analytical HPLC) from hydrogels made from 5 and 10 mM solutions 
of TFV-PA2 and TFV-PA3, represented as percentage of conjugate 
contained in the original gels (data are given as mean ± SD, n = 3). 
b) Graph of release of free TFV from 100 μM solutions of TFV-PA2 
and TFV-PA3 in the presence and absence of 10 mM dithiothreitol 
(DTT) in 1x PBS, represented as percentage of intact TFV-PA 
conjugate contained in the solutions at t = 0 (data are given as 
mean ± SD, n = 3).

nanomoles of prodrug released by the 5 mM gels (217 ± 12 
nanomoles and 126 ± 7 nanomoles released on day 14, respectively). 
This, in combination with the observation that the average 
concentration in the release supernatant is significantly higher than 
the CMC calculated for the design (361 ± 91 μM for 5 mM gels and 
619 ± 268 μM for 10 mM gels, versus 51 μM for the CMC), suggests 
that release from TFV-PA2 hydrogels is controlled by physical 
breakdown of the gel at the interface (surface erosion) rather than 
the CMC through disassociation of supramolecular structures and 
subsequent diffusion into the release media of the monomers (bulk 
erosion). The dominance of surface erosion necessitates that entire 
fibers are released from the gel rather than monomers of the 
conjugate. In accordance with this, TEM imaging of the release 
supernatant revealed dense networks of filaments > 1 micron in 
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length (Fig. S10a&b). In contrast, the percent release rate of the TFV-
PA3 5 mM hydrogels was approximately twice that of the TFV-PA3 
10 mM hydrogels, with 16.3 ± 1.3% (36.7 ± 3.0 nanomoles) of the 5 
mM hydrogels and 6.1 ± 0.5% (27.3 ± 2.2 nanomoles) of the 10 mM 
hydrogels released on day 30 (Fig. 4a). TEM imaging of the release 
supernatant revealed only short plaques of filaments for both the 5 
and 10 mM TFV-PA3 hydrogels (Fig. S10c&d), indicating that bulk 
erosion was more dominant than surface erosion for both 
concentrations. Additionally, it is worth noting that the average 
concentration of release supernatant from day 8 onwards for the 
TFV-PA3 10 mM gels was 13.3 ± 4.2 μM, which is only slightly higher 
than the calculated CMC of 8 μM. These results suggest that different 
mechanisms of gel dissolution are involved in release for the 
different designs, with the TFV-PA2 gels predominantly displaying 
surface erosion and the TFV-PA3 gels predominantly displaying bulk 
erosion. This indicates that significant modulation of monomer 
release behavior can be attained by altering the number of 
hydrophobic amino acids in the TFV-PA designs.

We preformed free drug release experiments to demonstrate 
that TFV is cleaved from the peptide amphiphile under reductive 
conditions. Such studies are crucial to demonstrate the ability of the 
TFV-PAs to function as an effective LAI delivery system, as the parent 
drug must be released upon cellular uptake and then converted into 
its active diphosphate form by cellular enzymes, which is then 
incorporated into viral DNA via reverse transcription by viral 
enzymes.95 By incubating 100 μM 1x PBS solutions of TFV-PA2 and 
TFV-PA3 in the presence or absence of 10 mM of dithiothreitol (DTT), 
a known reducing agent, and then quantifying remaining prodrug 
using reverse-phase analytical HPLC, we showed that the prodrugs 
are stable at 37 °C and 1x PBS for 3 days but that TFV is quickly 
released in the presence of DTT, with more than 90% of TFV released 
after 1 hour for TFV-PA2, more than 70% of TFV released after 4 
hours for TFV-PA3, and all TFV released by 24 hours for both designs 
(Fig. 4b). We used ESI mass spectrometry to further confirm the 
release of the parent drug, with no prodrug remaining visible in the 
spectra of the 24 hour release samples (Fig.S9). Instead, cleaved 
peptide was noticeable in the spectra of all DTT positive samples, 
confirming the reduction of the disulfide bond. Intact prodrug was 
visible in the spectra of the 2-8 hour TFV-PA3 release samples, 
further supporting the incomplete conversion observed by RP-HPLC 
for samples incubated for less than 12 hours. The mechanism of free 
TFV release is believed to correspond to that previously reported by 
Pradere et al.96

Antiviral Efficacy

Next, we investigated the impact of peptide conjugation on antiviral 
efficacy of the prodrug hydrogelators. To assess the anti-HBV efficacy 
of our prodrugs, HepAD38 cells (from an immortal cell line stably 
transfected with the HBV genome) were treated with varying 
concentrations of TFV, TFV-PA2, or TFV-PA3, with water treated cells 
as the negative control, following the established protocol for the 
cell-line.77 The cell supernatant was collected and subjected to qPCR 
analysis to quantify the copies of HBV DNA released from the cells. A 
dose response – inhibition curve was fit to the data to calculate the 
IC50 values for each therapeutic from the averaged biological repeats 
(Fig. 5). The extrapolated IC50 values for TFV, TFV-PA2, and TFV-PA3 
were 1.1 (95% CI: 0.79 - 1.4), 1.5 (95% CI: 0.70 – 3.4), and 0.25 (95% 

Figure 5: In vitro antiviral efficacy assay. Percent reduction of HBV 
production, as quantified by qPCR of cellular supernatant, for 
HepAD38 cells treated with varying concentrations of TFV and TFV 
prodrugs. Water treated cells were used as a negative control. Data 
are given as mean ± SD (p > 0.05 repeated measures one-way 
ANOVA, n = 3). IC50 values were calculated as 1.1, 1.5, and 0.25 µM 
for TFV, TFV-PA2, and TFV-PA-3, respectively.

CI: 0.16 - 0.41) μM. The determined IC50 value for TFV falls within the 
range of values for the HepAD38 cell line reported in literature (0.14 
to 5.46 μM).97–100 Critically, the antiviral studies demonstrate that 
peptide conjugation does not negatively impact antiviral efficacy. 
This is significant as previous work from our lab has demonstrated 
that filamentous self-assembly can reduce cellular uptake of 
conjugates.71,101 Furthermore, there was a consistent trend in all 
biological repeats of lower IC50 values for TFV-PA3, suggesting that 
conjugation of TFV to this peptide amphiphile possibly improves 
efficacy. As antiviral efficacy is a consequence of many complicated 
factors, we cannot be sure of the exact cause for the lower IC50 values 
for TFV-PA3, but we speculate that the trend might result from the 
increased hydrophobicity of the three valine prodrug, which should 
improve membrane permeability. However, further experiments 
would be necessary to confirm the mechanism of cellular entry and 
the membrane permeability of the TFV-PAs, which are beyond the 
scope of this paper. 

Conclusions
In this work, we created a first-of-its-kind NRTI hydrogel 
delivery platform through the conjugation of TFV to amphiphilic 
peptide sequences to create antiviral prodrug hydrogelators. To 
the best of our knowledge, this work represents the first 
excipient-free, injectable delivery system for tenofovir and is an 
important extension of the current peptide amphiphile system 
that is capable of supramolecular assembly with an intact 
phosphonate group. We demonstrated that modifying the 
number of valines in the peptide sequence impacts 
supramolecular assembly and gelation of the designs, which in 
turn affects release. Hydrogels formed from TFV-PA3 display 
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near-linear release in vitro for more than a month, with more 
than 80% of prodrugs remaining at day 30. Furthermore, 
prodrug conversion does not negatively impact the antiviral 
activity of the TFV-PAs and free TFV is released under reducing 
conditions. Consequently, this work represents an important 
first step in the development of an LAI TFV formulation. The 
TFV-PA3 design is particularly promising for further 
optimization for in vivo exploration and eventual clinical 
development, as it can form a hydrogel drug depot in situ 
capable of sustained release.
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