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Self-assembling peptides (SAPs) are promising vehicles for the delivery of hydrophobic therapeutics for clinical applications; their amphipathic
properties allow them to dissolve hydrophobic compounds in the aqueous environment of the human body. However, self-assembling peptide
solutions have poor blood compatibility (e.g., low osmolarity), hindering their clinical application through intravenous administrations. We have
recently developed a generalized platform for hydrophobic drug delivery, which combines SAPs with amino acid solutions (SAP-AA) to enhance
drug solubility and increase formulation osmolarity to reach the requirements for clinical uses. This formulation strategy was thoroughly tested

in the context of three structurally different hydrophobic compounds — PP2, rottlerin, and curcumin — in order to demonstrate its versatility.
Furthermore, we examined effects of changing formulation components by analyzing 6 different SAPs, 20 naturally existing amino acids at low
and high concentrations, and two different co-solvents dimethyl sulfoxide (DMSQ) and ethanol. Our strategy proved to be effective in optimizing
components for a given hydrophobic drug, and therapeutic function of the formulated inhibitor, PP2, was observed both in vitro and in vivo. This
manuscript outlines our generalized formulation method using SAP-AA combinations for hydrophobic compounds, and analysis of solubility as a
first step towards potential use of these formulations in more functional studies. We include representative solubility results for formulation of the
hydrophobic compound, curcumin, and discuss how our methodology serves as a platform for future biological studies and disease models.

Video Link

The video component of this article can be found at https://www.jove.com/video/56158/

Introduction

SAPs are a class of biomaterials that have been studied extensively as 3D scaffolds in regenerative medicine’?**. More recently however,
they have been exploited as vehicles for delivery of therapeutics due to their unique biological propertiess’e’7’8. SAPs naturally assemble into
stable nanostructuresg, thus providing a means of drug encapsulation and protection. SAPs are amphipathic, comprised of a specific pattern of
hydrophobic and hydrophilic amino acid repeats, driving their self—assemblyg’10 and allowing them to serve as a medium between hydrophobic
and hydrophilic environments. Consequently, for the clinical delivery of hydrophobic drugs — which have extremely low bioavailability and
absorption in the body due to lack of solubility in aqueous environments' " “ — SAPs are promising as a delivery vehicle. Furthermore, their
sequence pattern also implies that SAPs can be rationally designed and engineered to maximize compatibility with any given drug or compound
(i.e., based on functional groups) and further assist solubility.

SAPs have been applied as effective drug delivery vehicles in many in vitro and in vivo settings13'14’15'16. They have also shown great safety and

biocompatibility. However, due to low osmolarity of SAP-drug preparations, they cannot be used for intravenous injections as in clinical settings13.
Considering this restraint, we have recently developed a strategy which combines SAPs with amino acid solutions in order to reduce the use of
toxic co-solvents and increase the formulation osmolarity, and therefore, clinical relevance. We chose to use amino acids as they are the building
blocks of SAPs, are alread%/ clinically-accepted, and in combination with SAPs, they increase hydrophobic drug solubility while reducing the
amount of SAP required”‘ 8,

We have scrutinized SAP-AA combinations as a generalized platform for hydrophobic drug solubility and subsequent delivery by creating a
multi-step screening pipeline and applying it to the Src inhibitor, PP2, as a model hydrophobic compound. In this process, we examined the
effect of changing components of the formulation — ultimately testing 6 different SAPs, all 20 amino acids at 2 different concentrations (low and
high; low based on concentrations in existing clinical applications, and high concentrations were 2x, 3x, or 5x the clinical concentration based
on the maximum solubility of each amino acid in water), and 2 different co-solvents — and selected combinations that solubilized PP2 for further
analysis. This drug formulation proved to be effective as a drug delivery vehicle in cell culture, as well as in vivo models using both intratracheal
and intravenous administrations. Likewise, our work touched on the versatility of SAP-AA combinations in solubilizing multiple, structurally-
different hydrophobic compounds in agueous environments; specifically, the drugs rottlerin and curcumin'®. This manuscript outlines the SAP-
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AA formulation method and analysis of curcumin solubility as an example of the primary step in our screening pipeline. This protocol provides a
simple, reproducible way to screen for the optimal SAP-AA combinations, which dissolve any given hydrophobic compound.

1. Preparation of Amino Acid Solutions

1.
2.
3

Prepare and label two 50 mL conical centrifuge tubes for each amino acid (one each for both "low" and "high" concentrations).

Prepare a large 2 L flask containing purified water (18.2 MQ-cm at 25 °C).

Calculate the amount of each amino acid (in grams) to reach the desired concentrations, and weigh the appropriate amount of amino acid
into their respective 50 mL centrifuge tubes using a spatula.

NOTE: For the "High" concentration of the two negatively charged amino acids, PBS is used instead of water. We could not increase their
concentrations due to their low water solubility, and using PBS instead of water helps to maintain the low pH. Furthermore, the concentration
calculations were obtained using a final volume of 40 mL for each amino acid solution. All amino acid concentrations are outlined in Table
3. Be sure to rinse the spatula in between amino acids to avoid contamination. We recommend a water rinse, followed by wiping with 70%
ethanol.

Add 40 mL of purified water (or PBS) into each 50 mL tube using a serological pipette. Cap tubes and vortex or shake vigorously until
dissolved. Water bath sonication (room temperature, 130 W, 40 kHz) can also be used to assist in the solubility process.

NOTE: The following amino acid solutions are sensitive to light and should be covered with aluminum foil: tryptophan, phenylalanine, and
tyrosine (which consist of aromatic ring-like structures) and cysteine (reactive -SH group).

2. Preparation of SAP-AA Solutions

Prepare 20 mL scintillation vials for the self-assembling peptides. For a given self-assembling peptide, prepare one vial per prepared amino
acid solution (each combination will be made in a separate vial).

Using a high-performance analytical balance (with a readability down to 0.1 mg or less), weigh approximately 1 + 0.2 mg of peptide into the
bottom of each vial. Cap after weighing and record the exact weight of the peptide on the cap.

Pipette the appropriate volume of amino acid solution (prepared in Section 1) into each vial containing peptide, in order to reach the desired
concentration of self-assembling peptide (0.1 mg/mL for long peptides with a length of 16 amino acids, or 0.2 mg/mL for shorter peptides with
a length of 8 amino acids).

Sonicate for 10 min in a water bath sonicator (130 W, 40 kHz) at room temperature, ensuring the solutions within vials are completely
immersed in the water bath.

3. Preparation of Drug-DMSO or Drug-Ethanol Stock Solutions

2.

Combine 1 mg of drug (in this case, curcumin) with 100% DMSO, and another 1 mg with 100% ethanol to create two stock solutions.

NOTE: We added 200 pL of DMSO and 400 pL ethanol to make DMSO-curcumin and ethanol-curcumin stocks that were 5 mg/mL and

2.5 mg/mL, respectively, due to varying solubility in each solvent; however, it is important to note that the concentration of stock should be
adjusted depending on the hydrophobic drug of interest. Factors such as drug solubility and effective biological concentration are important in
determining this value. Also, keep in mind that the stock will be diluted 100-fold and 50-fold in DMSO and ethanol formulations, respectively,
when combined with SAP-AA solutions (see Section 4). It may be preferred to prepare a larger volume of stock depending on the number of
formulations required — in this case, more than 1 mg of drug would be used. The stock can be stored at -20 °C; thaw on ice and vortex before
use.

Vortex vials for 15 s to completely dissolve the drug.

4. Preparation of Drug Formulations

4.

Prepare clear, 1.5 mL microcentrifuge tubes for each formulation. Be sure to label tubes with the intended self-assembling peptide, amino
acid (and concentration), and co-solvent.

Add 10 pL of Drug-DMSO stock, or 20 uL Drug-Ethanol stock to appropriate microcentrifuge tubes.

Add 990 pL of SAP-AA acid solutions to the appropriate labeled microcentrifuge tubes containing Drug-DMSO stock, and 980 pL to those
containing Drug-Ethanol stock. This produces 1 mL drug formulations with 1% DMSO or 2% ethanol.

NOTE: The final concentration of all curcumin formulations was 0.5 mg/mL according to the protocol. Again, this will vary when using other
hydrophobic compounds and/or beginning with a different stock concentration (see step 3.1)

Vortex vigorously for 30 s and allow formulations to rest for 30 min.

5. Solubility Testing

1.
2.
3.

After rest period, vortex vigorously once again for 30 s.
Centrifuge the formulations at 14,220 x g for 1 min.
Analyze the bottom of the microcentrifuge tubes for precipitation (by visualization).
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Representative Results

For the hydrophobic drug, curcumin, we produced formulations using all 20 naturally existing amino acids at low concentrations, in combination
with only one SAP, EAK16-Il, as a proof-of-principle. We also tested formulations using both DMSO and ethanol as co-solvents. In total, this
produced 40 curcumin formulations, each containing different components. It is important to note that, in our previous studies using the Src
inhibitor, PP2, we included more options for SAP (total of 6) and amino acid concentration (clinical, as well as a higher concentration), which
produced a total of 480 different formulations. Trends from this work were taken into account when selecting EAK16-11 as the SAP for this study.
Concentrations of various components are included in Table 1, Table 2, and Table 3 as a reference. All hydrophobic drug formulations are
screened for drug solubility by visualization, and considered soluble if the solution is completely clear of any precipitate after centrifugation
(Figure 1). If the drug precipitates to the bottom of the tube, this is considered non-soluble and does not go through further testing. Furthermore,
solubility is tested in triplicate and by two different individuals; if these results are not reproducible, formulations are also not considered to be

truly soluble.

Out of the 40 formulations tested in this study, 7 formulations successfully dissolved curcumin (Table 4). Grouping formulations by components
identified two major trends: ethanol seems to be a better co-solvent for dissolving curcumin, and positively charged amino acids lysine (K) and
arginine (R) also seem to be optimal components for dissolving curcumin (Table 4). It is interesting to note the color change for formulations
containing R and K, which reveal curcumin is dissolved in the alkaline condition (Figure 1). It is helpful to group formulations by properties of the
various components to make such observations.

Figure 1: Example of precipitation analysis. For these curcumin formulations containing the peptide EAK16-11, ethanol, and charged amino
acids, precipitate can be seen clearly in the microcentrifuge tubes after centrifugation. Formulations containing lysine (K), arginine (R) or aspartic
acid (D) dissolve curcumin (no precipitate), whereas those containing histidine (H) or glutamic acid (E) do not (precipitate, circled in red). Please

click here to view a larger version of this figure.

Drug Formulation Concentration (mg/mL)
PP2 0.05
Curcumin 0.05
Rottlerin 0.02

Table 1: Concentration of drugs used in formulations. Drug formulation concentrations differ as each have a different bioactive concentration,

and also different loading capacities.

Self-Assembling Peptide Properties Formulation Concentration (mg/mL)
EAK16-I EAK family, long 0.1
EAK16-I1 EAK family, long 0.1
EAK16-IV EAK family, long 0.1
EFK8-II Modified EAK, short 0.2
ABKE Surfactant-like, short 0.2
PE6KE Surfactant-like, short 0.2

Table 2: Concentration of self-assembling peptides used in formulations. With the addition of amino acids, only small concentrations of self-
assembling peptide are required (0.1-0.2 mg/mL). Shorter peptides are double the concentration compared to longer peptides as they have half
the sequence length (8 amino acids versus 16 amino acids).
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Low conc. High conc.

Amino Acids Properties {mg/mL) (mg/mL)
Alanine (A) Hydrophobic 12 60 (5x)
Isoleucine (1) Hydrophobic 9 27 (3x)
Leucine (L} Hydrophobic 10 20 (2x)
Methionine (M) Hydrophobic 5 25 (5x)
Praline (P) Hydrophobic 9 45 (5x)
Valine (V) Hydrophobic 14 40 (3x)
Phenylalanine (F) Aromatic 12 24 (2x)
Tryptophan (W)  Aromatic 2 10 (5x)
Tyrosine (Y) Aromatic 0.6 -
Glycine (G) Hydraphilic 18 90 (5x)
Asparagine (N) Hydrophilic 4 20 (5x)
Glutamine (Q) Hydrophilic 6 12 (2x)
Serine (3) Hydrophilic 5 25 (5x)
Threonine (T) Hydrophilic 7 35 (5x)
Histidine (H) "+" charged 6 30 (5x)
Lysine (K) "+" charged 10 50 (5x)
Arginine (R) "+" charged 12 60 (5x)
Aspartic Acid (D) "-" charged 5 5 (PBS)
Glutamic Acid (E) "-" charged 4 4 (PBS)
Cysteine (C) -SH group 0.4 4 (10x)

Table 3: Concentration of amino acid solutions used in formulations. Low concentrations of amino acids were chosen based on the existing
clinical applications of each. High concentrations are 2x, 3x, or 5x the clinical concentration and within the maximum solubility of each amino acid
in water. This figure has been modified from Pacheco et al'®

Amino Acids

1% DMSO

2% EtOH

Low conc. AA Low conc. AA

Alanine (A)
Valine (V)
Leucine (L)
Isoleucine (1)
Methionine (M)
Proline (P)

Phenylalanine (F)

Tryptophan (W)
Tyrosine (Y)
Serine (S)
Threonine (T)
Glycine (G)
Glutamine (Q)
Asparagine (N)
Lysine (K)
Arginine (R)
Histidine (H)

Aspartic Acid (D)
Glutamic Acid (E)

Cysteine (C)

Soluble
Soluble

Soluble

Soluble

Soluble
Soluble

Soluble

Table 4: Representative solubility results for curcumin. A summary of the SAP-AA combinations which effectively dissolved curcumin after

screening for solubility. This figure has been modified from Pacheco et al"®

In the formulation procedure, there are various critical steps and points to consider in troubleshooting. First, as we are working with various
components and concentrations, multiple vortex steps throughout the protocol ensure that all concentrations are uniform and correct. Some

of the high-concentration, hydrophobic amino acid solutions may still not be completely dissolved after vortexing, and in this case, they can

be shaken vigorously by hand to assist in the process. Likewise, it is essential that SAP-AA solutions undergo the sonication step outlined

in step 2.4 as SAPs naturally tend to aggregate, and sonication will assist in fragmenting SAP clusters, thus resulting in a more uniform

solution. Second, for a given hydrophobic drug, the stock and final concentrations within SAP-AA formulations should depend on the effective
concentration of that compound in biological settings. The protocol should be modified accordingly to reflect this active concentration.
Furthermore, drug loading capacity is also an important factor to consider; it is likely that each drug will have a unique loading capacity using this
strategy, and that each SAP-AA combination may support a different amount of drug based on compatibility. This demonstrates the importance of

screening to find the optimal SAP-AA combination for a given compound.
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There are a number of advantages to using our technique over others; more specifically, there is great significance over the conventional method
of using SAPs alone for encapsulation and potential delivery of a compound. As mentioned previously, amino acids are already clinically-
accepted and adding these solutions to SAP formulations increases osmolarity to decrease hemolytic activity, such that intravenous injections in
clinical scenarios are p058|ble We have also found that they greatly increase hydrophobic compound solubility in cases where SAPs alone are
insufficient for squb|I|ty 718 The multiple different combinations of SAPs and amino acids involved allows for expansion into a high-throughput
method to screen for hydrophobic drug solubility. Solubility data can be analyzed in detail to reveal trends; we have found that sorting results by
formulation component (SAP or amino acid) shows a pattern likely to be unique for each hydrophobic drug. As an example, positively charged
amlno acids improve solubility of curcumin (Figure 1), whereas our previous studies showed that negatively charged amino acids were better for
PP2'®. These trends can help determine the suitability of specific components for dissolving drugs with similar chemical structure. Furthermore,
the simplicity of our solubility screen is both an advantage and a limitation; although it is easy to perform, there are more technical and accurate
ways to experimentally assess the solubility of a compound within solution (e.g., spectroscopy or chromatographic methods). However, the
screening strategy outlined in this protocol allows for the quick and efficient selection of SAP-AA combinations which result in the highest

drug solubility, and accordingly, the highest potential biological activity for further analysis. As there are numerous formulations of dlfferlng
combinations of self-assembling peptide, amino acid, amino acid concentration, and co-solvent, (480 total in our previous manuscrlpt ) this is

a necessary step for narrowing down to find optimal components for a given drug. After finding soluble drug formulations, they can be assessed
for solubility by more technical methods and should be further validated in functional assays, which assess biological activity and safety. These
functional assays should be tailored to the intended use of the formulated drug, as outlined in our manuscript optimizing PP2 formulations'®
Expanding our platform on other hydrophobic compounds will reveal additional trends and mechanisms for enhancing solubility, and aSS|st in
engineering new SAP's for clinical formulation of specific hydrophobic compounds.

The future of our method lies in the potential pipeline for drug deliver, as well as its ability to be automated. There are many steps that involve
weighing powders and dispensing liquids, which are the major time-limiting factors in the formulation process. Although it may seem like a
lengthy procedure to perform in laboratory settings, these steps can easily performed using robotic devices. Likewise, the method has great
potential to be scaled up into commercial production with the use of automated scales and dispensers in order to simultaneously test the
solubility of many hydrophobic drugs. This would greatly speed up the formulation and screening processes, while increasing accuracy and
reducing human error. Thus, our drug formulation method consisting of SAP-AA combinations is a generalized platform for solubility and delivery
of hydrophobic compounds, and would greatly benefit from high-throughput technologies.
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