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The development of reactive drug carriers that could actively respond to biological signals is a challenging task.
Different peptides can self-assemble into biocompatible nanostructures of various functionalities, including
drugs carriers. Minimal building blocks, such as diphenylalanine, readily form ordered nanostructures. Here
we present the development of self-assembled tetra-peptides that include the diphenylalanine motif, serving
as substrates of the cathepsin proteases. This is of great clinical importance as cathepsins, whose activity and ex-
pression are highly elevated in cancer and other pathologies, have been shown to serve as efficient enzymes for
therapeutic release. Based on the cathepsins affinity around the active site, we generated a library of Phe-Phe-
Lys-Phe (FFKF) tetra-peptide substrates (TPSs). We inserted various N-termini capping groups with different
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Nanofibers chemical properties to investigate the effect on protease affinity and self-assembly. All nine TPSs were cleaved
Cathepsins by their targets, cathepsins B and L. However, solvent switching led to nanofibers self-assembly of only seven
Targeted drug delivery of them. Due to its rapid self-assembly and complete degradation by cathepsin B, we focused on TPS4, Chz-

FFKF-OH. Degradation of TPS4 nanofibers by cathepsin B led to the release of 91.8 4 0.3% of the incorporated
anti-cancerous drug Doxorubicin from the nanofibers within 8 h while only 55 4= 0.2% was released without en-
zyme treatment. Finally, we demonstrated that tumor lysates fully degraded TPS4 nanofibers. Collectively, these
results suggest that tetra-peptide substrates that form nanostructures could serve as a promising platform for
targeted drug delivery to pathologies in which protease activity is highly elevated.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction The release of targeted drugs is often achieved by attaching the drug

load to a carrier through specific peptide sequences which are cleaved

To date, several drug delivery systems have been developed and ap-
plied overcoming both pharmacological limitations such as solubility,
elimination half-life, stability and absorption, and pharmacodynamic
difficulties such as specificity and low therapeutic index. Passive
targeting of various nanoparticles like micelles and liposomes loaded
with drugs have demonstrated great promise as drug-carriers utilizing
the enhanced permeability retention (EPR) effect for delivery (for re-
views, see [1-3]). In parallel, numerous groups have applied active
targeting by decorating particles with targeting moieties such as recep-
tor ligands [4], sugars [5], antibodies [6,7] and small molecule inhibitors
[8].
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by proteases that are highly expressed at the desired location. The pep-
tide-drug conjugate can be created using hydrophobic or other non-cova-
lent interactions, covalent modifications or as a part of a polymeric chain
[9,10]. For example, drug-loaded liposomes and mesopores with short
peptide targeting sequences have been introduced to enable drug release
upon enzyme recognition and cleavage [11,12]. The cathepsin proteases
thus often serve as the enzymes that release the drugs from their carrier.

Lysosomal cathepsins are a subfamily of cysteine proteases known to
be involved in several processes of cancer progression such as tumor
growth, invasion and metastasis [13,14]. Overexpression and activity of
cathepsins B have been found in cancer as well as other pathologies,
making them exceptional targets for precision therapeutics [14]. Tumor
cell cathepsins are often secreted and translocate from their lysosomal
location to the tumor microenvironment, providing an additional oppor-
tunity for targeting non-cell permeable therapeutics [8,15]. In particular,
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cathepsin B has been found to be highly overexpressed and active in
tumor associated macrophages (TAMs) making them a potential target
for cancer immunotherapy [16]. An essential component of substrate
specificity of cathepsins, as in other proteases, is recognition of the se-
quence around the scissile (cleaved) bond within the substrate. Many
studies have revealed cathepsin proteases affinity for positively charged
amino acids at the P1 site and bulky hydrophobic amino acids at the P2
and P3 sites [17-19]. A recent example of a cathepsin substrate that
meets the above criteria is the Cbz-Phe-Lys that has been used by several
groups for targeting of therapeutics and imaging reagents [18,20-25].

The use of short peptide sequences for nanotechnology and
nanomedicine has recently gained popularity due to their biodegrad-
ability, simple preparation, reproducibility, and ability to spontaneously
form 3D structures [26-28]. The most prominent are hydrophobic pep-
tide building blocks that can self-assemble into well-organized nano-
structures [29-32]. The process of self-assembly can be induced by
different triggers such as enzymatic catalysis [33], light induction [34],
or changes in temperature [35], pH [36,37] or solvent [38,39]. The sim-
plest and most widely studied of these building blocks are the Phe-Phe
(FF) variants whose self-assembly is mostly governed by hydrophobic
and aromatic -1t stacking interactions [40,41]. Due to their lack of tox-
icity, FF nanostructures are highly biocompatible and therefore used for
biological applications. Recently, FF nanostructures have been reported
in several biological systems for applications in 3D cell culture [42,43],
bio-imaging [44], biosensors [32,45] and drug delivery, where FF nano-
structures, known to undergo endocytosis, were applied for
transporting oligonucleotides and small molecules to intracellular desti-
nations [46,47].

The popularity of the FF motif for biological applications together
with the known cathepsin affinity for hydrophobic amino acids encour-
aged us to design a self-assembly cathepsin tetra-peptide substrate
(TPS) for therapeutic delivery. We reasoned that a short peptide se-
quence that contains di-aromatic and a positively charged amino acid
could serve as a potential cathepsin substrate and simultaneously
allow for self-assembly. Therefore, we explored a variety of Phe-Phe-
Lys-Phe (FFKF) analogs as self-assembled cathepsin substrates to be
used as carriers with specific drug release properties.

2. Results and discussion

To target the delivery of therapeutics to cancerous tissues with ele-
vated cathepsin activity, we designed a series of TPSs based on the
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FFKF scaffold. To optimize the TPSs self-assembly our peptide designs
contain unique N-termini chemical groups and charge variation at the
C-termini (Scheme 1a). Aromatic chemical groups were introduced at
the N- and C-termini to ensure that the addition of the Lys to the FF var-
iant will not impair the self-assembly process. Following synthesis of
these peptides (Scheme S1), we studied their ability to be recognized
and cleaved by cathepsin proteases. The peptides were incubated with
either cathepsin B or cathepsin L and their cleavage products were ana-
lyzed using mass spectroscopy (MS). A tri-peptide fragment FFK was
the expected cleavage product since the target site for cleavage by
these cathepsins is

postulated to be the amide bond after the P1 Lys, recognized by the
protease S1 pocket (Scheme 1b) [17-19,48]. Results obtained from MS
analysis revealed that all TPSs were recognized and cleaved by both en-
zymes. In addition to the expected tri-peptide cleavage product, di-pep-
tides and/or single amino acids were detected (Fig. 1), as accounted for
by the known highly promiscuous nature of the cathepsin proteases
[49]. It is widely accepted that the sequence determines the substrate
specificity to a protease, in some cases we found correlations between
the cleavage pattern and the peptide N-termini capping group. In ca-
thepsin B for example, a charged amine group led to removal of a single
amino acid while bulky hydrophobic groups (Fmoc or Cbz) led to re-
moval of two or three amino acids.

Next, we investigated the ability of the different TPSs to self-assem-
ble into ordered nanostructures using a solvent-mediated approach to
trigger the assembly [50,51]. Nanostructures formation was verified
by transmission electron microscopy (TEM), revealing that all TPSs
self-assembled into ordered structures with morphology of elongated
nanofibers network, excluding TPS6 and 7 (Fig. 2 and Supplementary
Fig. S1). In most cases the addition of a charged amino acid, Lys, to the
fundamental FF structure did not prohibit structure formation, most
likely because of the many aromatic rings within the TPSs. We observed
variance in the nanofibers diameters of the different TPSs (Table S1)
that we attribute to the chemical modifications at the N- and C-termini.
Aromatic moieties (such as Fmoc and Cbz) and carbonyl/amide groups
(Scheme 1) can contribute to the total m-1m and hydrogen bond interac-
tions, respectively. These additional interactions may enable stronger
stacking forces yielding “well-packed” nanostructures with relatively
smaller diameter [52]. Interestingly, upon assembly initiation TPS4
stood out since it instantly formed fibers, while most other TPSs took
over 2 h to assemble, as was confirmed by microscopic examination
(data not shown).
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Scheme 1. Structures of TPSs. (a) Pairs of TPSs were designed based on the FFKF scaffold, each pair carrying a unique N-termini chemical group and a variation in the C-termini charge.
Carboxyl group is marked in red and amide group in blue. (b) Protease-substrate standard notation, protease binding pockets (S) and corresponding substrate amino acid (P). The
cleavage site is the scissile bond between the P1 (N-termini to the scissile bond) and P1’ (C-termini to the scissile bond) residues. Adopted from Schechter and Berger [47].
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Fig. 1. TPS cleavage by cathepsins. Each TPS was treated with cathepsin B, cathepsin L or vehicle at 37 °C. Cleavage products were analyzed by liquid chromatography-MS (LC-MS).
Representative HPLC chromatograms of TPS3 absorbance at 215 nm is shown (a) TPS3, (b) TPS3 after cathepsin B treatment, (c) TPS3 after cathepsin L treatment. (d) A table showing
the number of amino acids removed from each TPS after cathepsin treatment, according to the fragment analysis by LC-MS. Cat; cathepsin, ND; not determined, * detected fragments

identity could not be determined.

Considering its immediate self-assembly, we decided to continue
with TPS4 (Cbz-FFKF-OH), as a self-assembling peptide-substrate
model for cleavage by cathepsin B. TPS4 was found to assemble into or-
dered nanofibers, forming an opaque peptide-solution upon assembly
initiation. To evaluate the assembly kinetics of TPS4 we examined the
turbidity changes of the self-assembled peptide at different peptide
concentrations by monitoring the absorbance at 350 nm. Absorbance
was already detected at the initial time point followed by a significant
increase in turbidity during the first 5 h (Supplementary Fig. S2) indicat-
ing continuous assembly of the nanofibers over the course of the exper-
iment. This increase in turbidity is in line with the recent report of the
assembly of Boc-Phe-Phe, where nanofibers formation was associated
with the increase in turbidity [53]. Upon addition of cathepsin B to the
assembled TPS4 a decrease in turbidity was obtained, due to the degra-
dation of the nanofibers by the enzyme (Fig. 3a). To validate that the

TPS1, NH, FFKF-OH TPS2, Ac-FFKF-OH

decrease in turbidity was a result of nanofiber degradation, samples of
nanofibers with and without cathepsin B treatment were analyzed by
TEM at the final time point. While very few nanofibers were found in
the samples treated with cathepsin B, a substantial number of nanofi-
bers were easily found in non-treated samples (Supplementary Fig.
S3). This validated that cathepsin B can access TPS4 and degrade it
even as assembled nanofibers.

We further evaluated nanofiber degradation by cathepsin B at vari-
ous TPS4 concentrations to examine the optimum peptide concentra-
tion for best assembly and degradation when the assembly process
reached equilibrium. As expected, under the tested conditions a signifi-
cant and robust degradation of TSP4 assemblies was obtained for all
tested peptide concentrations. Most dramatic turbidity reduction
was found at the lowest concentration tested, 0.5 mg/ml. At the
higher TPS concentration, however, only partial degradation was

TPS3, Fmoc-FFKF-OH

TPS4, Cbz-FFKF-OH

Fig. 2. TPS self-assembly. The self-assembly of various TPSs was triggered by solvent-switching between DMSO and water. Final concentration of 5 mg/ml of TPS1, 2, and 1 mg/ml of TPS3-5,
8 and 9 were analyzed. TEM analysis revealed self-assembled nanofibers with different morphologies for all TPSs, excluding TPS6 and 7.
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Fig. 3. TPS4 nanofibers degradation by cathepsin B. (a) Following assembly of TPS4 at the indicated peptide concentrations, cathepsin B or vehicle were added. The degradation of the
assembled TPS4 was evaluated by turbidity measurements monitoring the absorbance at 350 nm. Addition of cathepsin B led to decreased turbidity due to enzyme-mediated
degradation of the nanofibers. (b) A representative image of TPS4 assembly at different concentrations with (right) and without (left) cathepsin B treatment. Samples treated with
cathepsin B show higher transparency. (c) Quantification of absorbance at 350 nm from (b) indicating the significant reduction in turbidity in cathepsin B treated samples. Results

described with standard deviation, ** p < 0.01, *** p < 0.001.

observed (Fig. 3b and c). We speculate that at higher peptide concen-
trations more assemblies are present in the solution that might phys-
ically limit the accessibility of the enzyme to the substrate. Another
possibility is that the degradation products are quickly recovered
and assembled to the remaining TPS structures that are present at a
high concentration in the surrounding environment. Overall these
results suggest that nanofibers degradation is concentration depen-
dent and that TPS4 assemblies should be optimized to generate suit-
able drug delivery systems.
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To further investigate the ability of TPS4 to serve as a cathepsin
targeted drug delivery vehicle we first evaluated growth inhibition by
TPS4 and found no cytotoxicity of MDA-MB 231 cells by 0.5 mg/ml
(Supplementary Fig. 4). Then we assessed the ability of assemblies ob-
tained from 0.5 mg/ml TPS4 to serve as a carrier for the anti-cancerous
drug Doxorubicin (Dox). Dox was chosen as a model drug because of
its intrinsic fluorescent properties which allow easy monitoring of the
drug. Initially, Dox was encapsulated in nanofibers of TPS4 by solvent
switching of the mixture from DMSO to water, generating fluorescent

TPS4 + Cat-B ——TPS4

L ]
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Fig. 4. TPS4 nanofibers as a targeted drug-release carrier. (a) The assembly of premixed solution of Dox and TPS4 in DMSO was triggered by solvent change and allowed for overnight self-
assembly in the dark. Bright field (left) and fluorescent microscopy (excitation 535 4 50 nm, emission 610 + 75 nm) (right). (b) Cathepsin B or vehicle were added to samples from (a)
and released drug was collected for 4 h by dialysis. Amount of released Dox was extrapolated from a fluorescent Dox calibration curve, results described with standard deviation.
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nanofibers as visualized by fluorescent microscopy (Fig. 4a). Exposure
of the Dox containing nanofibers to cathepsin B resulted in drug release
due to nanofibers degradation. Unfortunately, we found only a 15% dif-
ference in the release profile when comparing the amount of drug re-
leased from the nanofibers with or without the enzyme (Fig. 4b). We
suspected that Dox was only coating the nanofibers by weak interac-
tions and was spontaneously released thus leading to the small differ-
ences observed upon enzyme addition.

To improve the release profile upon enzyme treatment, we
attempted to first generate small Dox particles and then coat them
with peptide nanofibers. The Dox particles were inspired by the doxil li-
posome in which drug retention was achieved by base change of a
weak-base-drug with sulfate ions in an intra-liposome aqueous phase.
In that process, after accumulation in a liposome filled with ammonium
sulfate, (doxorubicin),SO,4 (doxorubicin sulfate) precipitated [54]. To
investigate our hypothesis, we first generated Dox particles (DPs) by
precipitation with ammonium sulfate and then coated these particles
with peptide nanofibers triggering the assembly of TPS4 by solvent ex-
change, Dox loading efficiency was found to be 48 + 5%. The new as-
sembly, Dox particles-TPS4 (DP-TPS4), formed highly fluorescence
structures, as observed by fluorescent microscopy (Fig. 5a and b). Scan-
ning electron microscopy (SEM) and TEM analysis of the DPs revealed
differences in the structures formed with and without TPS4. DPs alone
formed unstructured aggregates as well as fibers with 10-20 nm diam-
eter (Fig. 5c and d, marked by a white arrow). DPs-TPS4 formed defined
nanofibers throughout, with fibers diameter ranging from 40 to 60 nm
(Fig. 5e and f). We then turned to investigate the release profile of
Dox from DP-TPS4 assemblies in the presence or absence of cathepsin
B. As expected, in the presence of the enzyme a significant increase in
Dox release was obtained that reached 91.8 £ 0.3% after 8 h, as

compared to the spontaneous, non-specific, drug release from DPs-
TPS4 structures without enzyme treatment (55.0 4+ 0.2%), (Fig. 5g).

Recently we analyzed the expression and activity levels of cathep-
sins in 4T1 murine breast cancer cells [20]. Similar to other cancers,
this cell line naturally expresses high levels of various cathepsins, espe-
cially cathepsin B. Therefore, we evaluated the ability of 4T1 tumor ly-
sates from tumor-bearing mice to degrade TPS4 nanofibers. We found
that the tumor lysates degraded TPS4 nanofibers in a concentration-de-
pendent manner (Supplementary Fig. 5). We then evaluated TPS4 nano-
fiber degradation over time by tissue lysates, while 4T1 tumor lysates
degraded the majority of TPS4 nanofibers within 2 h, the lysates
generated from mice muscles had limited effect in the first 10 h tested,
(Fig. 6). Taking these results together, we foresee that tetra-peptide
substrates that form nanostructures could serve as a promising platform
for targeted drug delivery to cancers that exhibit highly elevated prote-
ase activities.

3. Conclusions

In conclusion, we applied a substrate-based approach to generate a
library of self-assembled tetra-peptides to serve as carriers for thera-
peutics to pathological tissues characterized by elevated protease activ-
ity. We have demonstrated that in most cases elongation of the FF
variant by two additional amino acids, including a charged lysine, did
not impair the self assembly of substrates into ordered nanofibers. Fur-
thermore, we show the capability of the cathepsin proteases to process
their substrates both in solution and within nanostructures. Generation
of Dox particles-TPS4 led to an improved release profile of Dox from the
nanostructures by cathepsin B activity. Finally, we demonstrated that
the intrinsic high cathepsin activity of tumor lysates can fully degrade
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Fig. 5. Improved drug release profile. Dox was precipitated by ammonium sulfate to generate Dox particles (DPs), TPS4 was added and allowed to assemble overnight. Bright field (a) and
fluorescent microscopy of DP-TPS4 (b). Analysis of DPs alone forming unstructured aggregates as well as fibers (white arrow), SEM (c) and TEM (d). Analysis of DPs-TPS4 showing defined
nanofibers by SEM (e) and TEM (f). Release profile of Dox from DP-TPS4 nanostructure in the presence and absence of cathepsin B, as described in Fig. 4b (g). After 8 h 91.8 & 0.3% of total
drug was released from DP-TPS4 following cathepsin B treatment. Results are described with standard error, ** p < 0.01, *** p < 0.001, *** p < 0.0001.
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Fig. 6. TPS4 nanofibers degradation by tissue lysates. Following 0.5 mg/ml TPS4 assembly,
lysates from 4T1 tumors or from mice muscles were added and the degradation of the
assembled TPS4 was evaluated by turbidity measurements, monitoring the absorbance
at 350, nm. Addition of 4T1 tumor lysates led to dramatic decreased turbidity resulting
from enzyme-mediated degradation of the nanofibers. Results described with standard
error, * p < 0.05, ** p < 0.01, " p < 0.001.

TPS4 nanofibers. Our findings suggest a new platform for drug-delivery,
targeted to pathologies with high cathepsins activity.

4. Materials and methods
4.1. Chemical synthesis

Unless otherwise noted, all resins and reagents were purchased from
commercial suppliers and used without further purification. Tetra
peptides were synthesis on solid phase using 2-Chlorotrityl chloride
resin (peptide 1-5) or Rink-amide resin (peptide 6-9) with
Fmoc based chemistry. Peptide elongation was performed with 1-
hydroxybenzotriazole (HOBT) and (benzotriazole-1-yl oxy)
tripyrrolidinophosphonium hexafluorophosphate (PyBOP) as coupling
reagents and diisopropylethylamine (DIEA). Cleavage of peptide from
the resin and t-butyloxycarbonyl (Boc) deprotection were performed
using trifluoroacetic acid (TFA) in dichloro methane (DCM). Peptides
were purified by C18 reverse phase HPLC in acetonitrile/water gradient
supplemented with 0.1% TFA or by precipitation. Final peptides were
characterized by a Liquid Chromatography Mass Spectrometer (LCMS)
- Thermo Scientific MSQ-Plus attached to an Accela UPLC system
to >95% purity. Final peptides were lyophilized and kept at —20 °C
until use.

4.2. Cleavage of substrate peptides by cathepsins

Each peptide (1 nmole) was treated with 0.9 pmol cathepsin B or ca-
thepsin L (generated as described in [55,56]) or acetate buffer vehicle
(50 mM acetate, 5 mM MgCl,, 2 mM DTT, adjusted to pH 5.5) for 3 h
at 37 °C. Next, enzymes were precipitated by an hour incubation at
—80 °Cin 80% cold methanol followed by 10 min of 6000 g centrifuga-
tion at 4 °C. Supernatant volume was reduced to about 15 pl under vac-
uum, adjusted to a final volume of 30 pl with methanol and analyzed by
LCMS equipped with C18 reverse phase.

4.3. Assembly preparation

Lyophilized peptides were dissolved in DMSO to a concentration of
100 mg/ml and then diluted in double-distilled water (DDW) to the in-
dicated final concentration.

4.4, Transmission electron microscopy analysis

Transmission electron microscopy (TEM) analysis was performed by
applying 10 pl of samples to a 200 or 400-mesh copper grids covered by
carbon-stabilized Formvar film (SPI, West Chester, PA). The samples
were allowed to adsorb for 2 min before excess fluid was blotted off.
Samples were negatively stained by depositing 10 pl of 2% uranyl ace-
tate on the grid and allowing it to adsorb for 2 min before excess fluid
was blotted off. Except the sample in Fig. 5e, all samples were negatively
stained. TEM micrographs were recorded using a JEOL 1200EX or JEOL
JEM-1400Plus electron microscope operating at different kV.

4.5. Scanning electron microscopy

Scanning Electron Microscopy (SEM) samples were prepared as de-
scribed above for TEM on a 400-mesh copper grids, without uranyl ace-
tate staining, and viewed using FEI Magellan™ 400L system.

4.6. Kinetics of TPS4 self-assembly

Freshly prepared aliquots of 0.5, 1 or 2 mg/ml of TPS4 were placed in
triplicates in a 96-well plate, 100 pl/well. Plate was placed at 37 °Cin a
Biotek Cytation 3 plate reader (Winooski, VT, USA) and absorbance at
350 nm was measured every 2 min during 5 h.

4.7. Turbidity analysis of TPS4 degradation by cathepsin B

Turbidity analysis for TPS4 solutions was conducted using triplicates
of freshly prepared solutions as described above in a 96 well plate. Ali-
quots of 1, 2 or 4 mg/ml were allowed to assemble for 4-5 h at room
temperature. Next, 0.064, 0.128 or 0.255 uM of cathepsin B or acetate
buffer vehicle were added, diluting the samples to 0.5, 1, and 2 mg/m],
respectively. The plate was placed at 37 °C in a Biotek Synergy HT
plate reader (Winooski, VT, USA) and absorbance was measured for
12 h as described above. After 24 h since enzyme addition, a color pic-
ture was taken and the turbidity was measured again.

4.8. TPS4 nanofibers cytotoxicity

MDA-MB 231 human breast adenocarcinoma cells were cultured in
Dulbecco's modified eagle's medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 1% penicillin and 1% streptomycin in a humid-
ified atmosphere of 5% CO, at 37 °C. One day prior to treatment MDA-
MB 231 cells (7 x 10> cells/well) were cultured in a 96-well plate. The
media of TPS4 that was assembled in DMEM was removed by centrifu-
gation (14,000 rpm, 4 °C) and the nanofibers were resuspended in
DMEM supplemented with 10% FBS, 1% penicillin and 1% streptomycin.
Cells in triplicates were incubated with 0.5 mg/ml of TPS4 nanofibers
(final concentration of 0.1% DMSO was kept constant) in growth medi-
um at 37 °C. After 24 or 48 h of treatment, cell survival was determined
by standard methylene blue assay. This assay was performed twice.

4.9. TPS4 assembly in the presence of Dox

Assembly of TPS4 in the presence of Dox was achieved by premixing
the peptide and the drug in DMSO followed by a dilution in DDW to final
concentration of 1 mg/ml TPS4 and 5% w/w Dox. The assembly was
preformed over-night in the dark. Next, access of Dox were washed
off by centrifugation (10 min, 14,000 rpm or 5 min, 8200 rpm, 4 °C re-
spectively) and the resulting Dox containing nanofibers were resus-
pended in DDW to a final concentration of 1 mg/ml. For fluorescent
characterization, 5 ml of each assembly were placed on a coverslip
and allowed for complete dryness in the dark. Fluorescent images
were taken at 60 x magnification using an Olympus inverted fluorescent
microscope IX51 equipped with a TritC filter (ex/em 535 4+ 50/610 +
75 nm). This experiment was performed at least three times.


Image of Fig. 6

66 Y. Ben-Nun et al. / Journal of Controlled Release 257 (2017) 60-67

4.10. Preparation of DP

Doxorubicin-HCl (Sigma Aldrich), 1.06 mg, was dissolved in 2 pl dry
DMSO. Then, 69 pl of 20 mM ammonium sulfate aqueous solution were
added followed by a short sonication. DP were precipitated by 10 min
centrifugation at 14,000 rpm, 4 °C to obtain a red pellet and a light red
supernatant. Supernatant was removed and re-precipitated by ammo-
nium sulfate aqueous solution. Pellets were combined and resuspended
in DDW to a final concentration of 10 mg/ml DP. This experiment was
performed at least three times.

4.11. DP-TPS4 assembly

Assembly of TPS4 in the presence of DP was achieved by dilution
while stirring of TPS4 in a solution of DP suspended in 20 mM ammoni-
um sulfate. The assembly was preformed overnight in the dark. Next, ac-
cess of Dox or DP were washed off by centrifugation (10 min,
14,000 rpm or 5 min, 8200 rpm, 4 °C respectively) and the resulting
DP-TPS4 was resuspended in DDW to a final concentration of
1 mg/ml. Fluorescent characterization was performed as in 4.9. This
experiment was performed at least three times.

4.12. Determination of Dox loading in DP-TPS4

Following DP-TPS4 assembly as described above, the supernatant of
access Dox was collected by centrifugation (10 min, 14,000 rpm, 4 °C)
and the resulting precipitation of DP-TPS4 was dissolved in DMSO.
Dox fluorescence intensity in supernatant and precipitation was read
at excitation/emission of 480/595 nm by a Cytation 3 plate reader and
the amount of Dox was obtained from the calibration curve of Dox in
20 mM ammonium sulfate or DMSO respectively. The loading efficiency
of DP in DP-TPS4 assembly was determined by the ratio of amount ob-
tained from DP-TPS4 precipitation to the total amount obtained from
supernatant and DP-TPS4 precipitation. Loading efficiency was deter-
mined in triplicates, this experiment was performed three times.

4.13. Release of Dox by cathepsin B

20% w/w DP or 5% w/w Dox in 1 mg/ml assembly (as described
above) were placed in a dialysis unit (1 kDa molecular weight cut-off,
Slide-A-Lyzer™ MINI Dialysis Devices, Thermo Fisher Scientific). Next,
cathepsin B was added to generate a final concentration of 0.5 mg/ml
nanofibers assembly and 2 pM cathepsin B. The samples were placed
at 37 °Cand dialyzed while gently shaking, with dialysis replaced at in-
dicated time points. At the end of the experiment, samples in dialysis
units were collected and recovered. All collected samples were lyophi-
lized and resuspended in DMSO and the fluorescence intensity of Dox
was read at excitation/emission of 480/595 nm by a Cytation 3 plate
reader. The amount of released Dox was obtained from the calibration
curve of Dox in DMSO. This experiment in triplicate was performed
three times.

4.14. Kinetics of nanofibers degradation by tissue lysates

Tissue lysates were prepared as previously described [20]. Assembly
of TPS4 in triplicates was performed for 4 h in acetate buffer as
described in Fig. 3b. Next, 100 pg of lysates from 4T1 tumor or muscles,
or RIPA vehicle control (1% Tergitol-type NP-40 (nonyl pheno-
xypolyethoxylethanol), 0.1% SDS, 0.5% sodium deoxycholate) were
added in acetate buffer. The absorbance was read at 350 nm after gentle
shaking at 37 °C for indicated times using a BioTek plate reader. This ex-
periment was performed twice.
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