Open Access Article. Published on 13 November 2023. Downloaded on 3/13/2026 4:25:38 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ '.) Check for updates ‘

Cite this: Nanoscale, 2023, 15, 19180

Received 2nd November 2023,
Accepted 13th November 2023

DOI: 10.1039/d3nr05571j

rsc.li/nanoscale

Introduction

Revealing the interaction between peptide drugs
and permeation enhancers in the presence of
intestinal bile salts+

Shakhawath Hossain,? Rosita KneiszI*® and Per Larsson*®®

Permeability enhancer-based formulations offer a promising approach to enhance the oral bioavailability
of peptides. We used all-atom molecular dynamics simulations to investigate the interaction between two
permeability enhancers (sodium caprate, and SNAC), and four different peptides (octreotide, hexarelin,
degarelix, and insulin), in the presence of taurocholate, an intestinal bile salt. The permeability enhancers
exhibited distinct effects on peptide release based on their properties, promoting hydrophobic peptide
release while inhibiting water-soluble peptide release. Lowering peptide concentrations in the simulations
reduced peptide—peptide interactions but increased their interactions with the enhancers and taurocho-
lates. Introducing peptides randomly with enhancer and taurocholate molecules yielded dynamic mole-
cular aggregation, and reduced peptide—peptide interactions and hydrogen bond formation compared to
peptide-only systems. The simulations provided insights into molecular-level interactions, highlighting the
specific contacts between peptide residues responsible for aggregation, and the interactions between
peptide residues and permeability enhancers/taurocholates that are crucial within the mixed colloids.
Therefore, our results can provide insights into how modifications of these critical contacts can be made
to alter drug release profiles from peptide-only or mixed peptide—PE—-taurocholate aggregates. To further
probe the molecular nature of permeability enhancers and peptide interactions, we also analyzed insulin
secondary structures using Fourier transform infrared spectroscopy. The presence of SNAC led to an
increase in f-sheet formation in insulin. In contrast, both in the absence and presence of caprate,
a-helices, and random structures dominated. These molecular-level insights can guide the design of
improved permeability enhancer-based dosage forms, allowing for precise control of peptide release
profiles near the intended absorption site.

compared to larger biological drugs, such as proteins and anti-
bodies. However, peptide drugs face challenges related to

Peptide drugs constitute an increasingly significant portion of
the pharmaceutical market, with projected worldwide sales
expected to double within the next decade. This class of thera-
peutic molecules plays a crucial role in effectively treating
several critical diseases, including cancer, diabetes, and
hypercholesterolemia, the latter of which is closely linked to
the development of coronary heart disease." Compared to
small molecules, peptide drugs offer higher specificity and a
relatively larger surface area for inhibiting e.g. protein—protein
interactions."” Furthermore, they have lower production costs
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in vivo stability due to the susceptibility of amide bonds to
hydrolysis." This vulnerability can impact their therapeutic
efficacy. Additionally, the relatively larger size and hydrophili-
city of peptides present obstacles in terms of permeating the
intestinal  epithelium, thereby affecting their oral
bioavailability.

In response to these challenges, the utilization of per-
meability enhancer (PE)-based formulations has emerged as a
promising approach for enhancing the oral bioavailability of
peptides. Notably, the Food and Drug Administration (FDA)
recently granted approval to two oral formulations, namely
semaglutide tablets (Rybelsus) and octreotide capsules
(Mycapssa), which incorporate PEs to enhance peptide absorp-
tion. This approval highlights the growing recognition of the
potential of PE-based formulations in optimizing peptide
delivery via the oral route. Furthermore, there is an ongoing
clinical trial involving an oral macrocyclic peptide called
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MK-0616, formulated with the medium-chain fatty acid
sodium caprate as the permeation enhancer.>* MK-0616 func-
tions as a proprotein convertase subtilisin/kexin-type 9
(PCSK9) inhibitor and holds promise for effectively treating
hypercholesterolemia and coronary artery disease.

Aside from the MK-0616 example, despite being a simple,
straightforward, and cost-effective formulation strategy, still,
only a limited number of PE-based dosage forms have pro-
gressed to clinical trials.” One of the key reasons for the under-
performance of PE-based formulations is the lack of funda-
mental understanding regarding the solubilization of peptides
within these formulations. Specifically, the interactions
between peptides and the colloidal nanostructures formed by
the PE molecules remain poorly understood, posing a signifi-
cant challenge to rational formulation design. Additionally,
the presence of different concentrations of bile salts in the
intestine introduces further complexities. These bile salts have
the potential to induce self-aggregation or interact with the
colloidal structures present in PE-based formulations,
affecting their stability and performance. Previous studies have
demonstrated that the absorption of drug molecules when
combined with various permeability enhancers is lower in the
presence of fed-state simulated intestinal fluids (FeSSIF) com-
pared to fasted-state simulated intestinal fluids (FaSSIF). This
observation holds true for both in vitro and in vivo
experiments.®” Notably, the concentration of bile salts in
FeSSIF is approximately 5-6 times higher than in FaSSIF.
These findings highlight the impact of the physiological state
of the gastrointestinal tract on the performance of drug mole-
cules when used in conjunction with PEs.

Several biophysical experimental techniques have been
employed to investigate and explore the interactions between
peptides and permeability enhancers, as well as bile salt mole-
cules and/or micelles. These techniques have shed light on
certain aspects, such as the diffusion coefficient of molecules
and the hydrodynamic radii of mixed micelles containing pep-
tides, PEs, and bile salts.® However, most experimental tech-
niques have limitations in providing a comprehensive mole-
cular-level understanding of the relevant interactions between
peptides and other formulation components. Nevertheless,
achieving this molecular-level understanding is crucial for
identifying optimal peptide-PE combinations. An illustrative
example of this is the case of the semaglutide formulation,
where the use of 0-SNAC as a PE resulted in lower permeability
of semaglutide compared to SNAC.” Notably, the only differ-
ence between 0-SNAC and SNAC is the position of a single
hydroxyl group. This subtle alteration in chemical structure
significantly impacted the permeation characteristics of sema-
glutide, highlighting the importance of even minor modifi-
cations in PE design. Similarly, Lamson et al. demonstrated
that pelargonidin (a type of plant pigment), selectively
enhances the permeation of insulin (in both in vitro and
in vivo studies) in its aglycone form.'® Finally, in vitro studies
have shown that SNAC has the ability to enhance insulin per-
meability.'" This effect is achieved by the formation of a
complex between SNAC and insulin, facilitated by the nega-
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tively charged carboxylate group of SNAC, particularly at
higher pH levels (>6.8). However, at lower pH levels, the pres-
ence of SNAC did not lead to an increase in the cellular uptake
of insulin. This finding confirms the necessity of a specific
interaction between insulin and SNAC for the enhanced per-
meability effect. These examples highlight the significance of
understanding precise molecular interactions in determining
the efficacy of peptide-PE combinations.

All-atom molecular dynamics (AA-MD) simulations have
proven to be a valuable tool for gaining insights into the mole-
cular-level interactions between different molecules. For
instance, Pabois et al. conducted AA-MD simulations to study
the aggregation behavior of different bile salts, confirming
their self-assembly driven by the hydrophobic steroid region.?
The simulations revealed that the ionic chain and hydroxyl
groups of bile salts predominantly interact with the bulk
water. Several studies have also utilized AA-MD simulations to
investigate the aggregation behavior of diverse peptide mole-
cules. Examples include amyloid-f peptide variants (Ap40 and
AP42) as well as shorter fragments of this, and peptides analo-
gous to gonadotropin-releasing hormone (GnRH) such as
cetrorelix, ozarelix, and D-Phe-GnRH."*'® These simulations
accurately predicted the aggregation propensities of peptides
by accounting for variations in the number of residues within
the peptide sequence, their charge states, and their degree of
hydrophobicity. The simulations revealed that the oligomeriza-
tion process of AB42 involves a transition from random coil to
p-sheet conformation in an aqueous environment.'® The tran-
sition of AP42 from a random coil to a f-sheet can be
restricted, however, by the sugar groups of gangliosides
present in the lipid membrane, consequently inhibiting AB42
oligomerization.'®

Additionally, AA-MD simulations identified key hydro-
phobic residues and the formation of hydrogen bonds respon-
sible for influencing the aggregation propensities of structu-
rally similar decapeptides.”® The interactions between human
insulin and different ions (such as sulfate, chloride, and per-
chlorate) at various concentrations were investigated using
AA-MD simulations, revealing that human insulin stability is
impacted by specific ions and ionic concentration.'” However,
extensive exploration of molecular-level interactions involving
PEs, peptides, and bile salts remains limited. In vitro diffusion
studies have demonstrated that the interaction between pep-
tides and bile salts or PEs can lead to a reduction in the avail-
ability of free peptide monomers. These findings highlight the
complex interplay between peptide-colloid interactions and
peptide stability, all of which ultimately affect peptide absorp-
tion and bioavailability.>'® Thus, it is imperative to gain mole-
cular-level insights into peptide-PE interactions in the pres-
ence of bile salts, and AA-MD simulations provide a suitable
approach for this purpose.

In this study, we have conducted an investigation into the
interaction patterns between four different peptides (degarelix,
octreotide, hexarelin, and insulin) and two different per-
meability enhancers (sodium caprate and SNAC). We specifi-
cally examined these interactions in the presence of varying
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concentrations of peptides and taurocholate, a bile salt com-
pound. Our goal was to gain insights into the molecular aggre-
gation pathways of the peptides in the presence and absence
of PEs and taurocholates. Additionally, we examined the
release behavior of degarelix, octreotide, and hexarelin from
mixed colloids composed of peptides, PEs, and taurocholate.
To comprehensively understand this process, we initiated the
release simulations from two different initial configurations.
In addition to molecular dynamics simulations, we have also
employed Fourier transform infrared spectroscopy (FTIR) to
investigate the impact of the PEs on changes in the secondary
structures of insulin. By comparing the results obtained from
FTIR experiments with the findings from the simulations, we
aimed to validate the simulation outcomes and enhance our
understanding of the impact of PEs on the secondary structure
of insulin.

Methods

System description

We performed simulations involving various combinations of
peptides and PEs in the presence of taurocholates.
Information on peptide concentration in oral dosage forms is
limited in the literature. Berg et al. studied a solid oral dosage
form containing 18 mg of octreotide.'® This amount of peptide
can yield approximately 0.35 mM to 3.5 mM of peptide in an
intestinal water pocket, assuming the release of the dosage
occurs within 1-5 pockets with a volume of approximately
5-10 mL. In this study, we employed two distinct peptide con-
centrations (3.3 mM and 10 mM) in the simulations, closely
corresponding to therapeutically relevant concentrations. The
concentration of permeability enhancers was set at 50 mM, a
level observed to enhance the absorption of therapeutic pep-
tides and proteins in vivo.>® The concentration of taurocholate
was either 3 mM or 15 mM, representing the intestinal fluid in
the fasted and fed state. Half of the PE molecules were nega-
tively charged, while the other half remained in a neutral state.
This is an effort to account for the increase in the pKa (and

Table 1 Description of the simulated systems investigated in this study

View Article Online

Nanoscale

therefore changed ionization state) of the fatty acids as a con-
sequence of them being incorporated into micelles.*!

As a means to unbias the results of our simulations from
the initial starting configurations, we also examined two
different starting placements of the molecules for the simu-
lations containing 10 mM peptides. In one case, all molecules,
including the peptides, were randomly placed in the simu-
lation box at the beginning of the simulations. In the other
case, PEs and taurocholate (Taur) were randomly added in the
presence of pre-formed peptide aggregates. For a detailed
description of the simulated systems, please refer to Table 1.

All-atom molecular dynamics simulations

All simulations were performed using Gromacs 2018 and 2021,
employing the Charmm36 force field.*>** Molecular topolo-
gies for sodium caprate (neutral and charged) were obtained
directly from Charmm36 force field files. The SNAC topology
was the same as in our previous study, where the molecule was
parameterized using the Charmm General Force Field
(CGenFF) 1.0.0 program and subsequently refined with the fftk
toolkit in VMD.**® Taurocholate topologies were also
adopted from our previous study.””

All non-standard residues were parameterized either by
analogy with existing Charmm36 force field parameters, or
using CGenFF (v. 1.0.0), with low penalty values (<10)
throughout.”**>*® The initial structure file for insulin was
sourced from the Protein Data Bank (ID 2G4M), and had a
total molecular weight of 5.79 kDa. The molecular structures
and amino acid sequence of the investigated peptides are pre-
sented in ESI Fig. 1.7 In the simulations, octreotide and hexar-
elin carried a net charge of +2, degarelix had a net charge of
+1, and insulin possessed a negative charge of —2.

In order to study peptide aggregation, we placed 6 peptides
(equivalent to a concentration of 10 mM) and 2 peptides (equi-
valent to a concentration of 3.3 mM) inside a cubic box with a
side length of 10 nm. To create the mixed systems consisting
of 10 mM peptides, PEs, and taurocholate, we employed the
two different starting configurations mentioned earlier. All
systems were prepared in a cubic box with a side length of

Number of peptides,
Systems Components Starting configuration PEs and taurocholates
1 Peptide only (10 mM) All the molecules placed randomly in the box Peptide: 6
2 Peptide (10 mM), C;4 (50 mM), Taur (3 mM) Peptide: 6, Cyo: 32, Taur: 2
3 Peptide (10 mM), C;, (50 mM), Taur (15 mM) Peptide: 6, Cy¢: 32, Taur: 10
4 Peptide (10 mM), SNAC (50 mM), Taur (3 mM) Peptide: 6, SNAC: 32, Taur: 2
5 Peptide (10 mM), SNAC (50 mM), Taur (15 mM) Peptide: 6, SNAC: 32, Taur: 10
6 Peptide (10 mM), C;4 (50 mM), Taur (3 mM) Pre-formed peptide aggregates, PEs, Peptide: 6, Cyo: 32, Taur: 2
7 Peptide (10 mM), C;, (50 mM), Taur (15 mM) and Taur molecules added randomly Peptide: 6, Cyo: 32, Taur: 10
8 Peptide (10 mM), SNAC (50 mM), Taur (3 mM) Peptide: 6, SNAC: 32, Taur: 2
9 Peptide (10 mM), SNAC (50 mM), Taur (15 mM) Peptide: 6, SNAC: 32, Taur: 10
10 Peptide only (2 mM) All the molecules placed randomly in the box Peptide: 2
11 Peptide (2 mM), Cy, (50 mM), Taur (3 mM) Peptide: 2, Cy: 32, Taur: 2
12 Peptide (2 mM), C;4 (50 mM), Taur (15 mM) Peptide: 2, Cyo: 32, Taur: 10
13 Peptide (2 mM), SNAC (50 mM), Taur (3 mM) Peptide: 2, SNAC: 32, Taur: 2
14 Peptide (2 mM), SNAC (50 mM), Taur (15 mM) Peptide: 2, SNAC: 32, Taur: 10
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10 nm. The specific number of molecules added to each
system can be found in Table 1. Each system underwent
energy minimization using the steepest descent algorithm for
10 000 steps, followed by equilibration of density and pressure
for 100 ps. Final production runs were conducted for 500 ns
for each system, employing periodic boundary conditions. To
maintain isotropic pressure coupling, the Parrinello-Rahman
coupling method was employed, with a reference pressure of 1
bar.>® The time step was 2 fs, and the system temperature was
maintained at 37 °C using the velocity rescale thermostat.*
Electrostatic interactions were calculated using the Particle
Mesh Ewald method, while van der Waals interactions were
evaluated with a force-switch ranging between 1.0 and
1.2 nm.**

Simulation analysis

The transition networks were constructed by considering all
pairwise transitions between aggregate states, following the
methodology described in ref. 13 and 15. At each snapshot,
the aggregate state of each peptide was determined based on
the number of peptides in an aggregate. A distance cut-off of
0.5 nm was applied to determine if two molecules were con-
sidered part of the same aggregate, and changes in the aggre-
gate states of each peptide were tracked over time. Once all the
aggregate states and the corresponding transitions of peptides
between these states across subsequent snapshots were identi-
fied, we generated a transition matrix. This matrix captures the
total number of transitions between different states but also
allows the occurrence of specific states throughout the simu-
lation period to be estimated. The transition network plots
were then created using the Cytoscape v. 3.9.1.%?

Hydrogen bond analysis used the gmx hbond module in
Gromacs. To create the peptide residue-residue contact map, a
contact was defined between two residues if the distance
between any pair of atoms from the respective residues was
less than 0.5 nm. The same distance cut-off was employed to
determine contacts between the peptide and PEs, as well as
taurocholate molecules. The solvent-accessible surface areas
(SASA) were calculated using the gmx sasa module. The sec-
ondary structure analysis was done using gmx dssp.****
Snapshot images were generated using VMD.?”

Umbrella sampling (US) simulations

To investigate the release of octreotide, hexarelin, and degare-
lix from either a homogenous peptide aggregate or the mixed
colloids consisting of peptides, PEs, and taurocholate, we
employed umbrella sampling (US) simulations to compute the
potential of mean force (PMF) profiles. The simulations
focused on the expulsion of a single peptide molecule from an
aggregate into the water phase. To perform the US simulations,
we generated a series of configurations along the reaction coor-
dinate (in this case the distance from the aggregate surface to
the bulk water phase). The configurations were spaced at inter-
vals of 0.2 nm along this reaction coordinate. Before the US
simulations, energy minimization and equilibration for 100 ps
was performed for each window, followed by production runs

This journal is © The Royal Society of Chemistry 2023
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of 12 ns. To extract the potential of mean force (PMF) along
the reaction coordinate from the US simulations, we utilized
the weighted histogram analysis method (WHAM),*
implemented in Gromacs in gmx wham.

Chemicals (used for FTIR experiments)

Human insulin, CAS-no: 11061-68-0, 12643, >98%, Sigma,
Merck Life Science AB. Salcaprozate sodium (SNAC), CAS-no:
203787-91-1, HY-114299, 99.72%, MedChemExpress, USA.
Sodium taurocholate hydrate, CAS-no: 345909-26-4, 86339,
>97.0%, Sigma, Merck Life Science AB, Sodium decanoate
(caprate acid sodium) CAS-no: 1002-62-6, C4151, >98%, Sigma,
Merck Life Science AB. Sodium chloride, CAS-no: 7647-14-5,
99-5-100.5%, VWR Chemicals. Sodium hydroxide, CAS-no:
1310-73-2, and Hydrochloric acid, CAS-no: 7647-01-0, Sigma,
Merck Life Science AB.

Sample preparation for FTIR experiments

To investigate the secondary structure of insulin in the pres-
ence of NaCl, we prepared six samples: three at pH 2 and three
at pH 6. Insulin powder was dissolved in NaCl solutions of
100 mM, 250 mM, and 500 mM, respectively, to achieve an
insulin concentration of 5 mg mL™" in each sample. The pH
was adjusted to 2 (2.16 + 0.04) by adding 0.1 M HCI, and to 6
(6.13 + 0.07) by adding 0.2 M NaOH.

In addition, we prepared samples to investigate the second-
ary structure of insulin in the presence of PEs and taurocho-
late. These samples were created by dissolving insulin powder
in 50 mM PEs (either sodium caprate or SNAC) and taurocho-
late (either 3 mM or 15 mM). The concentration of insulin in
these samples was 5 mg mL™'. A sample containing only
insulin was also prepared. The pH of these samples was
adjusted to 6 by adding 0.2 M NaOH. All samples were filtered
through a preconditioned polyamide filter membrane with a
0.2 um pore size and a 25 mm membrane diameter (Chromafil
xtra, MACHEREY-NAGEL), then heated at 65 °C and shaken at
350 RPM for 22 hours using a thermoshaker (Thermoshaker
PHMT-PSC24N, Grant bio Instruments).

Collection of FTIR spectra

The samples were freeze-dried for at least 30 hours. The
spectra of the freeze-dried samples were collected in trans-
mission mode with 256 scans, 4 cm™" in resolution in the
4000-600 cm ™" region at room temperature using an Alpha II
FTIR spectrometer (Bruker, USA). A second-order derivative
with 9 points was applied to the obtained spectra, which were
then area-normalized in the amide I region.

Results and discussion

Molecular dynamics simulations can predict the aggregation
tendencies of various peptides

In this study, we investigated the aggregation behavior of four
different peptides: degarelix, octreotide, hexarelin, and
insulin. Fig. 1a shows snapshots at the end of the simulations

Nanoscale, 2023, 15, 19180-19195 | 19183
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Fig. 1 Aggregation tendencies of different peptides. (a) Representative snapshots of each peptide at the end of the simulation (500 ns). The octreo-
tide, hexarelin, and degarelix peptides are shown with a surface representation, and insulin is presented as a cartoon. Panels (b) and (c) show the vari-
ation in the percentage of aggregated molecules as well as the maximum aggregate size with time for each peptide.

(500 ns) for each peptide. It is evident that octreotide and hex-
arelin exhibit a dynamic coexistence as both aggregated
species and free monomers in the solution. In contrast, degar-
elix and insulin molecules were present exclusively as aggre-
gates. Since all peptides carried an overall charge, these differ-

19184 | Nanoscale, 2023, 15, 19180-19195

ences in aggregation propensity between the peptides cannot
be explained only by electrostatic effects.

Fig. 1b illustrates the temporal evolution of the percentage
of aggregated molecules in each system. The simulations
demonstrate that all degarelix and insulin molecules rapidly

This journal is © The Royal Society of Chemistry 2023
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aggregated within the first 50 ns and remained in this aggre-
gated state throughout the simulation. In the case of octreo-
tide and hexarelin, the profiles of maximum aggregate size vs.
time (Fig. 1c), reveal that trimers and tetramers, respectively,
represent the most prevalent aggregate size. However, the pro-
files of the percentage of aggregated molecules also varied
with time for these two peptides (Fig. 1b). This suggests that
the octreotide and hexarelin aggregates were not stable
throughout the simulations because of insertions or expul-
sions of peptide monomers from the aggregates. Octreotide
and hexarelin are predominantly water-soluble and possess
two positively charged residues that work against the for-
mation of stable aggregates.

In contrast, degarelix, which has a critical aggregation con-
centration of approximately 1 mM, exhibits a higher aggrega-
tion tendency." Insulin also shows a greater aggregation ten-
dency, compatible with it being observed to form aggregates or
fibrils within a pH range of 1.6 to 7.4 and at very low concen-
trations (0.17 mg mL™").>**® Overall, Fig. 1 suggests that the
MD simulations successfully capture the aggregation behavior
of both typical water-soluble peptides, such as octreotide and
hexarelin, and peptides with higher aggregation tendencies,
such as degarelix and insulin.

Transition networks can elucidate the molecular aggregation
pathways of the peptides under different conditions including
the presence or absence of PEs and taurocholates

Fig. 2 shows the resulting transition networks for the octreo-
tide, hexarelin, degarelix, and insulin systems at the 10 mM
peptide concentration and a random starting configuration for
all the molecules within the simulation box. Similar to Fig. 1,
the transition networks obtained from the simulations
revealed that in the system containing only octreotide, the
dominant aggregate size was a trimer (Fig. 2a), and in the
system containing only hexarelin the dominant aggregate size
was a tetramer, coexisting with monomers and dimers
(Fig. 2f). In contrast, aggregates containing more peptide
molecules (up to the maximum of 6) were formed more fre-
quently in the presence of PEs and taurocholate (Fig. 2b-e and
2-j). This can be attributed to the formation of mixed colloids
consisting of peptides as well as PEs and taurocholate when
these additives are present.

Fig. 3 and ESI Fig. 2-47 show representative snapshots of
these mixed colloids for the different peptides. It should be
noted that peptide aggregates refer to cases where peptides
come into contact with each other. In a mixed colloid, if two
peptides are not in contact with each other, they are not con-
sidered part of the same peptide aggregate, even though they
are part of the same mixed colloid. Peptides need to come into
contact based on the cutoff distance mentioned in the method
section to be considered as a specific peptide aggregate state
shown in the transition networks.

We also examined whether the 10 mM peptide systems
(with PEs and taurocholate) reached equilibrium within the
500 ns simulation period. We monitored the temporal evol-
ution of the percentage of aggregated peptide molecules in

This journal is © The Royal Society of Chemistry 2023
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each system, as presented in ESI Fig. 5.7 The results revealed
that, in all systems, the percentage of aggregated peptides
comes to between 60 to 80% within 100-250 ns, and then
oscillates for the remainder of the simulations. Octreotide and
hexarelin profiles displayed higher oscillations, whereas degar-
elix and insulin profiles showed nearly 100% aggregated mole-
cules for the last 200-300 ns. Notably, during the final
200-300 ns of the simulations, all peptides were part of the
mixed colloids. Therefore, we concluded that the simulation
duration was sufficient for studying the transition network of
peptide aggregates and the interactions between peptides
within the mixed colloids.

The transition network for systems with 10 mM peptide
and starting configuration where peptides in an already pre-
formed, aggregated state are presented in ESI Fig. 6.1 The tran-
sition networks of the octreotide and hexarelin systems were
minimally affected by the two starting configurations (compar-
ing Fig. 2b-e and ESI Fig. 6a-d,} and Fig. 2g-j and ESI Fig. 6e-
ht). The presence of PEs (either sodium caprate or SNAC), or
different taurocholate concentrations also did not significantly
affect the transition networks of octreotide and hexarelin.

In contrast to hexarelin and octreotide, notable differences
were observed between the two starting configurations for
degarelix and insulin. In the case of degarelix, when PEs and
taurocholate were introduced into the already aggregated pep-
tides, these remained unchanged throughout the simulation.
Therefore, no transition network was possible to obtain in this
case. This suggests that the hydrophobic interactions between
degarelix molecules were robust enough to prevent disruption
of the initial hexameric state by PE (or taurocholate) mole-
cules. When all molecules (peptides, PEs, and taurocholate)
are placed randomly in the simulation box initially, hexamer
was the dominant aggregate size, both in the absence (Fig. 2p)
and the presence (Fig. 2q-t) of PEs and taurocholate. However,
the presence of smaller aggregates (<6) was also evident from
the transition network.

For insulin, the transition network also showed a fewer
number of transitions between different aggregate states when
PEs and taurocholate were introduced into the aggregated pep-
tides compared to the starting configuration when all mole-
cules were placed randomly in the simulation box initially.
This suggest that the presence of PEs or taurocholates has a
somewhat disruptive effect on the insulin hexamer in the
simulations. The snapshot of the mixed colloid containing
insulin (Fig. 3) suggests that the size of the insulin molecules
might pose a barrier for the PEs and taurocholate molecules to
disturb insulin aggregates. However, in a few cases, PEs were
able to separate insulin molecules from their aggregated state
(Fig. 3h).

The molecular dynamics simulations provided valuable
insights into the behavior of peptide molecules in the presence
of PEs and taurocholate. The simulations demonstrated the
formation of mixed colloids, wherein PEs and taurocholate
molecules interacted with peptides present in the system. The
formation of mixed colloids results in a decrease in the
amount of free peptide monomers in the aqueous phase. Such
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Fig. 2 Illustrations of peptide aggregation transition networks for systems containing 10 mM peptides, including octreotide (panels a—e), hexarelin

(f—j), insulin (k—0), and degarelix (p—t). The simulations’ initial setup featured a starting configuration where all molecules, including the peptides,
were randomly placed within the simulation box. These networks depict the aggregation patterns and transitions between different aggregate sizes
for each peptide. In panels a, f, k, and p, transition networks for systems with peptides alone are displayed. The numbers on each node represent the
number of peptide molecules in that aggregate state. The node size corresponds to the probability of observing that specific aggregate state during
the simulation. The thickness of the arrows signifies the number of transitions between pairs of nodes. Additionally, the color of the nodes reflects
the number of peptide—peptide contacts normalized by the aggregate size; a darker color indicates a higher number of contacts.

a reduction in the concentration of water-soluble free mono-
mers in solution upon the addition of PEs and taurocholate
was also observed experimentally for octreotide.® The peptide
aggregation transition networks generally provided insights
into the impact of PEs and taurocholate on the peptide aggre-
gation behavior. The addition of PEs and taurocholate resulted
in larger peptide aggregates in the case of water-soluble pep-
tides (octreotide and hexarelin). However, for degarelix and
insulin, although the hexamer was the most prevalent aggre-
gate state in both systems, at least for the case with the initial
starting configuration being all molecules randomly placed

19186 | Nanoscale, 2023, 15, 19180-19195

into the simulation box, more dynamic molecular aggregation
pathways were observed. There was a tendency for the peptides
to monomerize, compatible with how SNAC is suggested to
induce monomerization for semaglutide.’

PEs and taurocholate were found to influence peptide-peptide
contact interactions

In the transition networks presented in Fig. 2, the color of the
nodes represents the number of peptide-peptide contacts nor-
malized by the aggregate size. Darker colors indicate a higher
number of contacts. The presence of PEs and taurocholate

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Representative snapshots at the end of the simulations for different systems containing Insulin. Panels (a—d) represent the starting configur-
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ation where the peptides are in a pre-aggregated state, but with PE and taurocholate molecules placed randomly. Peptides are shown by the
cartoon representation. Caprate, SNAC, and taurocholate molecules are presented by CPK. The neutral and negatively charged caprates are rep-
resented by blue and pink, respectively. The neutral and negatively charged SNAC are represented by orange and cyan, respectively. Taurocholate

molecules are represented by red color.

resulted in a decrease in the average number of contacts for a
given aggregate size compared to pure peptide aggregates of
corresponding sizes. This observation suggests that while PEs
and taurocholate promote the formation of larger aggregates
through the mixed colloids, the number of peptide-peptide
contacts is reduced when the simulations were initiated by
randomly placing all molecules in the box, as opposite to
peptide-only systems. Furthermore, in the presence of SNAC,
the number of peptide-peptide contacts appeared to be

slightly lower than that in systems containing sodium
caprate. For instance, a lighter color was observed in the
nodes of the hexamer, as shown in Fig. 2d, compared with
Fig. 2b.

We then calculated the average number of peptide residue-
residue contact per peptide for each system (Fig. 4). From this,
the conclusion that the presence of PEs and taurocholates
reduces the peptide-peptide interaction within the mixed col-
loids largely remains (the exception being the system contain-
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Fig. 4 Average number of peptide residue-residue contacts per peptide calculated over the final 100 ns of the simulation. The data represents the
systems initiated with a starting configuration where all molecules, including the peptides, were randomly placed within the simulation box.
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ing 10 mM hexarelin, 50 mM caprate and 15 mM taurocho-
late). The systems containing SNAC exhibited a lower number
of contacts per peptide compared to the systems containing
caprate as the PEs. Concentration dependent effects can also
be seen: reducing the peptide concentration from 10 mM to
3.3 mM significantly decreased the number of peptide-peptide
contacts within the mixed colloid. However, for octreotide,
the number of peptide-peptide interactions were greater
compared to systems with 3.3 mM octreotide alone. It’s impor-
tant to note that in systems with a 3.3 mM peptide concen-
tration, peptides also became part of the mixed colloid within
200-300 ns.

The peptide residue-residue contact maps, presented in ESI
Fig. 7-10,T provide additional evidence that the presence of
PEs and taurocholate reduces peptide residue-residue contacts,
especially when simulations begin with the random placement
of all molecules. When simulations started from pre-formed
peptide aggregate states, peptide residue-residue contacts in
the presence of PEs and taurocholates appeared to increase
compared to systems with peptides alone. This trend became
more apparent when comparing the average number of
peptide residue-residue contacts per peptide for systems with
different starting configurations and 10 mM peptides (see ESI
Fig. 111).

The intermolecular hydrogen bond maps presented in ESI
Fig. 12-151 provide additional insights into the interactions
between peptide molecules. When the peptides were initially
placed randomly in the simulation box, the presence of PEs
and taurocholates resulted in a reduction in the formation of
hydrogen bonds. Specifically, for degarelix, the results indi-
cated that PEs and taurocholate can restrict the formation of
hydrogen bonds between the 4-S-Phe and 4-D-Phe residues,
which play a dominant role in the formation of degarelix
aggregates (ESI Fig. 14at). Similarly, in the case of hexarelin,
the formation of hydrogen bonds between tryptophan moi-
eties, which play a crucial role in hexarelin aggregate for-
mation, is restricted in the presence of taurocholate and PEs,
particularly SNAC (ESI Fig. 13b-ef).

In the absence of PEs and taurocholates, the intermolecular
hydrogen bond map of insulin showed that the Tyr and Glu
residues in chain A and Phe, Val, Gln, Glu, and Lys in chain B
play a dominant role in insulin aggregate formation (ESI
Fig. 15at). These residues are known to be major contributors
to nucleus formation and insulin aggregation through hydro-
gen bonding and hydrophobic contacts.>® Interestingly, the
presence of PEs and taurocholate did not significantly impact
the formation of hydrogen bonds between these key insulin
residues.

We also computed the average number of residue-residue
hydrogen bonds per peptide and compared systems with two
different peptide concentrations (see ESI Fig. 16f) and two
different starting configurations (see ESI Fig. 177). Similar to
the average number of contacts per peptide, the number of
hydrogen bonds per peptide significantly decreased when the
peptide concentration was reduced from 10 mM to 3.3 mM.
Conversely, the number of H-bonds per peptide increased

19188 | Nanoscale, 2023, 15, 19180-19195
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when simulations began from a pre-formed aggregate state
compared to the random placement of peptide molecules.

The comprehensive analysis of transition networks,
residue-residue contact maps, and hydrogen bond formation
provides valuable insights into the influence of PEs and tauro-
cholate on peptide aggregation behavior. The results suggest
that higher peptide concentrations in the system result, rather
unsupringsly, in increased peptide-peptide interactions, both
in the presence and absence of PEs and taurocholates.
However, at higher peptide concentrations (10 mM), PEs and
taurocholate can also effectively limit peptide-peptide contact
interactions within the mixed colloids. This suggests that the
presence of these additives reduces the propensity of peptides
to interact with each other. SNAC appears to be slightly more
effective than caprate in restricting peptide-peptide contacts
as well as the formation of certain key interpeptide hydrogen
bonds. With its larger size compared to sodium caprate, from
the presence of an aromatic ring at the end of the aliphatic
chain, SNAC may more efficiently prevent contact between
peptide molecules within the mixed colloids.

Hydrophobic interactions play a dominant role in the
interaction of PEs and taurocholate with peptides

We initially computed the time evolution of the average
number of contacts between the peptides and PEs/taurocho-
lates in systems containing 10 mM peptides, with the peptides
initially positioned randomly. The results, presented in ESI
Fig. 18, demonstrate an initial increase in the number of con-
tacts up to 100-250 ns, followed by a plateau with slight oscil-
lations. These findings indicate that the systems reached an
equilibrium state within 250 ns. Moreover, the overall simu-
lation time is sufficient for conducting a detailed analysis of
the peptides’ interaction with PEs and taurocholates.

We calculated then the number of contacts between peptide
residues and PEs/taurocholates, as shown in Fig. 5. Each
peptide contains positively charged residues, such as D-Phe
and Lys in octreotide, His and Lys in hexarelin, N6-Lys in
degarelix, and Arg and Lys in insulin. Intuitively, one would
expect these positively charged residues to interact more with
the negatively charged PEs and taurocholate. However, the
contact maps in Fig. 5 suggest that interactions between hydro-
phobic amino acid residues play a more prominent role. For
example, in octreotide, hydrophobic residues such as D-Phe,
Phe, and D-Trp show significant contact with the PEs and taur-
ocholate. Similarly, in hexarelin, hydrophobic residues like
D-Trp, Trp, and D-Phe play a dominant role in the interaction.
In degarelix, hydrophobic residues such as D-2Nal, D-4Cpa,
and 4S-Phe are involved in substantial contacts. In insulin,
hydrophobic residues including Leu, Phe, Val, and Ile contrib-
ute significantly to the interaction with PEs/taurocholates.
Interestingly, the contact maps also highlight that neutral
caprate and SNAC molecules exhibit more contact with peptide
residues compared to their charged counterparts.

Furthermore, the contact maps in Fig. 5 demonstrate that
increasing the concentration of taurocholate enhances the
interaction between peptides and taurocholate. Typically, the

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Normalized contact between peptide residues, PEs, and taurocholates for different systems containing 10 mM of octreotide, hexarelin,
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represents the starting configuration where all the molecules including the peptides were randomly placed in the box. Cyo and Cyo~

represent

neutral and negatively charged sodium caprate molecules, and SNAC and SNAC™ represent neutral and negatively charged SNAC molecules. Taur

represents taurocholate molecules.

concentration of taurocholate increases at the fed state (after
food intake) which impacts the colloid structure and inter-
action pattern between taurocholates and peptides.
Additionally, the hydrophobic residues of the peptides showed
more contact with SNAC than with the sodium caprate mole-
cules. This observation aligns with the fact that SNAC typically
reduces peptide-peptide interactions to a greater extent com-
pared to sodium caprate.

We also quantified the average number of contacts between
peptides and PEs/taurocholates, as illustrated in Fig. 6. The
results confirm that SNAC exhibits a higher number of con-
tacts with peptides compared to caprate. Additionally, systems

This journal is © The Royal Society of Chemistry 2023

with higher taurocholate concentrations exhibit more contacts
per peptide. Comparing different peptide concentrations
revealed that systems with lower peptide concentrations had a
higher number of contacts per peptide (matching the
reduction in peptide-peptide contacts, Fig. 4). Furthermore,
comparing the two different starting configurations (ESI
Fig. 191), we observed that systems starting from pre-formed
peptide aggregates had fewer contacts compared to those start-
ing from random peptide positions. We also plotted contacts
between peptide residues and PEs/taurocholates for the
systems containing 3.3 mM peptide, as shown in ESI Fig. 20.f
These results indicated similar interaction patterns, emphasiz-
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ing the significant role of hydrophobic residues in the inter-
actions between peptides and PEs/taurocholates.

Overall, the simulations offered insights into the inter-
actions between peptide residues, permeability enhancers, and
taurocholate. The simulations also enable predictions about
the extent of these interactions based on the initial configur-
ation and concentrations.

The hydrogen bonds formed between peptide residues and
PEs, as well as taurocholate were also analyzed and are pre-
sented in Fig. 7. The results indicate that charged PEs form a
higher number of hydrogen bonds with the peptides compared
to neutral PEs, particularly with the positively charged residues
of the peptides. The number of hydrogen bonds formed
between peptides and taurocholate increased as the concen-
tration of taurocholate increased. Note that the number of
hydrogen bonds formed between peptides and PEs is typically
only a fraction of the total number of peptide-PE contacts.
Therefore, although the charge state of the molecules plays an
important role in the formation of peptide-PE and peptide-
taurocholate hydrogen bonds, the hydrophobic peptide resi-
dues play a dominant role in the formation of mixed colloids
consisting of peptides, PEs, and taurocholates.

PEs and taurocholates can influence the release of both
hydrophobic and water-soluble peptide monomers into an
aqueous phase

To investigate the impact of colloid composition on peptide
release/expulsion, umbrella sampling (US) simulations were
performed to calculate the potential of mean force (PMF). The
PMF analysis involved measuring the free energy required to
move a peptide molecule from either a homogenous peptide
aggregate or mixed colloids to the water phase, thus simulat-
ing an expulsion/release event. The PMF profiles will be highly
dependent on the particular peptide conformation, the overall

View Article Online
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structure of the aggregate, and the location of the peptide
within the aggregate. Therefore, for each case, we have repli-
cated the simulations three times by selecting different pep-
tides each time within the aggregate.

The PMF profiles presented in Fig. 8 exhibit distinct pat-
terns for water-soluble and hydrophobic peptides. Specifically,
for octreotide and hexarelin, the results demonstrate that the
process of separating a peptide molecule from a mixed colloid
requires two to five times more energy than separating it from
a pure peptide aggregate. The estimated free energy difference
(AG) for separating octreotide and hexarelin molecules from
mixed colloids for the starting configuration in which peptide
molecules were randomly added initially were within the range
of 30-50 k] mol . It is worth noting that significant differ-
ences are found between the two starting conditions, with
higher energy requirements observed when PEs and taurocho-
late were introduced with pre-formed peptide aggregates.
These findings suggest that PEs and taurocholate can reduce
the release of water-soluble peptides such as octreotide and
hexarelin, consequently reducing the number of free mono-
mers in the aqueous phase. This decline in the fraction of free
peptide is also evident in transition network analysis and was
also observed experimentally for octreotide.®

The decreased availability of free peptides due to their
interaction with PEs and taurocholate may have implications
for their absorption rate across the intestinal epithelium.
When peptides are strongly bound within mixed colloids, their
release into the aqueous environment becomes more challen-
ging, potentially reducing their absorption efficiency. However,
this stronger interaction between peptides, the PEs, and tauro-
cholate in the mixed colloids can also serve a beneficial role by
protecting the peptides from enzymatic degradation. This
reduced enzymatic degradation increases the overall avail-
ability of intact peptides for absorption in the intestine.
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including the peptides, were randomly placed within the simulation box.
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represent neutral and negatively charged SNAC molecules. Taur represents taurocholate

caprate molecules, respectively, and SNAC and SNAC™
molecules.

Also, for degarelix, the PMF profiles indicate that higher
energy is required to separate peptide molecules from the
mixed colloids when PEs and taurocholates were introduced to
the peptide aggregates, compared to the pure peptide aggre-
gates (Fig. 8c). The AG required to separate a degarelix mole-
cule from the pure degarelix aggregate was approximately
140 kJ mol™", which is nearly nine times higher than the AG

This journal is © The Royal Society of Chemistry 2023

represent neutral and negatively charged

required to separate octreotide and hexarelin molecules from
similar pure peptide aggregates. However, the opposite trend
was observed for the other starting configuration (peptides
molecules added randomly). In this starting configuration, the
AG values required to separate a degarelix molecule decreased
to 40 and 68 k] mol™" for the mixed colloids containing
caprate and SNAC, respectively. This suggests that the PEs and
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Fig. 8 Potential mean force (PMF) profiles observed when pulling a peptide molecule from pure peptide or mixed colloids composed of 10 mM
peptides, 50 mM PEs (either caprate or SNAC), and 15 mM TC. PMF profiles depicting the energy required to pull (a) one octreotide, (b) hexarelin,
and (c) degarelix molecule from the aggregate surface into the aqueous phase. In the PMF profiles, the lines and shaded regions represent the
means and standard deviations, respectively (n = 3). The legend describes the constituent components of the aggregate. Solid lines represent the
starting configuration, where peptide, PE, and TC molecules were added randomly. The dashed lines represent the starting configuration where PEs
and TCs were added randomly, and the peptides were aggregated. Abbreviations: C;q, caprate, TC, taurocholate.

taurocholate can increase the release rate of degarelix, which
is a highly hydrophobic peptide, and highlight the importance
of understanding and controlling the release conditions of the
peptide from the dosage form.

The FTIR spectra suggest that SNAC can induce insulin
fibrillation at pH 6

Finally, we looked a little closer at the behavior of insulin,
since any insights into how the oral bioavailability of insulin
can be increased would have tremendous therapeutic benefit.
Insulin is prone to fibrillation under various physiological con-
ditions, such as elevated temperature, different ionic
strengths, and low pH.*®**° The fibril formation of insulin is
typically characterized by the presence of p-sheet-rich struc-
tures. Using FTIR, Chaaban et al. investigated the secondary
structure of insulin in the presence of various concentrations
of NaCl at pH 2 and observed a broad peak around
1620-1625 c¢cm™' in the spectra, which corresponded to
-sheet-rich structures.”’ Compatible with this, we detected a
peak at approximately 1632 cm™' in the FTIR spectra when
different concentrations of NaCl were present at pH 2 (see ESI

19192 | Nanoscale, 2023, 15, 19180-19195

Fig. 21at). It is worth noting that peaks corresponding to
B-sheet structures have been observed in the range of
1620 cm ™' to 1637 cm ™" in various studies.*>™*?

We then investigated the variation in the secondary struc-
ture of insulin in the presence of various NaCl concentrations
at pH 6 (this value was chosen to mimic conditions in the duo-
denum®®), and observed a peak at approximately 1658 cm™" in
the FTIR spectra (ESI Fig. 21b¥). FTIR-spectra peaks within the
range of 1645 cm™' to 1660 cm™' typically correspond to
a-helical and random structures, which are observed in native
insulin and systems with relatively higher pH.*°™*?

We further investigated the impact of PEs and taurocholate
on the secondary structure of insulin (again at pH 6) (ESI
Fig. 22%). In line with native insulin and systems with a rela-
tively higher pH, the FTIR spectra exhibited a broad peak
around 1650 cm ™" for the systems containing insulin only, as
well as for the combination of insulin with sodium caprate
and taurocholate. However, in the systems that included SNAC,
a shift in the FTIR spectra peaks occurred, from approximately
1650 cm™' to 1637 em™'. This suggests an increase in the
B-sheet-rich structural region and would indicate fibrillation of

This journal is © The Royal Society of Chemistry 2023
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insulin in the presence of SNAC. However, the position of the
B-sheet peak in these SNAC systems at pH 6 was slightly
upshifted compared with that of the samples at pH 2 (ESI
Fig. 21at). This upshift is associated with the weakening of
hydrogen bonding and more loosely packed p-sheet structures.
Similar results were also observed by Iannuzzi et al. for insulin
at pH 7.V

Finally, we conducted a DSSP analysis of the insulin-con-
taining systems. Across all systems, a higher percentage of
a-helices (approximately 50%) and random structures (approxi-
mately 45-47%) was observed, while the percentage of f-sheet
structures was relatively lower (approximately 3-5%), as shown
in ESI Fig. 23.1 These values align well with the peaks observed
in the FTIR spectra of native insulin and systems with higher
pH, indicating the prevalence of o-helix and random
structures.*®™*> Thus, the DSSP results suggest minimal struc-
tural rearrangements in the insulin molecules during the
simulations, indicating that the timescale for insulin aggrega-
tion or fibrillation (in the presence of PEs such as SNAC) is
longer than what was simulated. It is worth noting though
that the results indicated a slightly higher percentage of
p-sheet structures when simulations were initiated from the
aggregated state of insulin.

Conclusions

In this study, we employed AAMD simulations to investigate
the interaction patterns between different peptides and two
different permeability enhancers in the presence of varying
concentrations of taurocholate, a bile salt compound. AAMD
simulations can accurately predict the aggregation tendencies
of both water-soluble peptides such as octreotide and hexare-
lin, and peptides with higher aggregation tendencies, such as
degarelix and insulin. The simulation also showed the for-
mation of mixed colloids when PEs and taurocholates were
added to the simulation box with peptides.

PEs and taurocholates were capable of reducing the
peptide-peptide contact interactions and key hydrogen bond
formations, which are the main driving elements in peptide
aggregation. We also found that SNAC is relatively more
effective in restricting the peptide-peptide interactions com-
pared to caprate, likely due to its larger size. Lowering the
peptide concentration also reduces the amount of peptide-
peptide interactions and increases the interaction of peptides
with PEs and taurocholates. We also demonstrated the impor-
tance of considering different starting configurations in the
simulations to better understand the impact of the initial state
of the peptide aggregates on the molecular interaction pattern
among peptides, PEs, and taurocholate. For instance, when
the peptides were randomly placed in the simulation box
initially, we observed more dynamic molecular aggregation
pathways for the peptides in the presence of PEs and taurocho-
late compared to the peptide-only systems.

We showed that US simulations can provide valuable infor-
mation about the release of peptide molecules from mixed col-

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

loids. PEs and taurocholate were found to decrease the release
rate of water-soluble peptides such as octreotide and hexarelin
in the aqueous phase. However, the release of the highly
hydrophobic degarelix can be enhanced in the presence of PEs
and taurocholate. The unrestrained simulation also high-
lighted key interactions between peptide residues leading to
aggregation and interactions with peptides and PEs/taurocho-
lates within the mixed colloids. Any means of changing or
adjusting these crucial interactions, would potentially allow
the peptide release profiles to be modified. Furthermore, the
simulation provides a means to quantify and adjust inter-
actions among the components in this study by altering their
concentrations. Changes in the components and the concen-
trations in the constituent components in the systems might
obviously impact the overall interaction patterns.

The FTIR spectra showed the prevalence of a-helices and
random structures in the insulin at pH 6. The inclusion of
caprate and taurocholate showed similar results. However,
peaks of the FTIR spectra indicate an increase in the f-sheet-
rich structural region in the presence of SNAC. Overall, our
study revealed important molecular-level interaction patterns
among the peptides, PEs, and taurocholates, which will be
crucial for designing PE-based dosage forms with desired
release profiles for specific peptides. Achieving a more con-
trolled release profile near the absorption site will significantly
improve the bioavailability of peptide drugs.
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