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1. Introduction

Bortezomib (Velcade®, Millennium Pharmaceuticals, Inc.
Cambridge, MA, and Johnson & Johnson Pharmaceutical
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The investigation of potential self-assembled peptides as carriers for the delivery of anticancer drug
Bortezomib is the topic of the present study. The self-assembly of Bortezomib in water is examined
using all-atom molecular dynamics simulations and corresponding experimental results from FESEM
experiments. In addition, a series of dipeptides with a similar chemical formula to Bortezomib with
hydrogel-forming ability are being investigated for their propensity to bind to the drug molecule.
Dipeptides are divided into two classes, the protected FF (Fmoc-FF and Z-FF) and the LF-based (Cyclo-
LF and LF) ones. The thermodynamic stability of the complexes formed in an aqueous environment, as
well as key morphological features of the nanoassemblies are investigated at the molecular level.
Binding enthalpy between Bortezomib and dipeptides follows the increasing order: LF < Cyclo-LF <
Fmoc-FF < Z-FF under both van der Waals and electrostatic contributions. Protected FF dipeptides have
a higher affinity for the drug molecule, which will favor its entrapment, giving them an edge over the LF
based dipeptides. By evaluating the various measures, regarding both the binding between the two
components and the eventual ability of controlled drug release, we conclude that the protected FF class
is a more suitable candidate for drug release of Bortezomib, whereas among its two members, Fmoc-FF
appears to be more promising. The selection of the optimal candidates based on the present
computational study will be a stepping stone for future detailed experimental studies involving the
encapsulation and controlled release of Bortezomib both in vitro and in vivo.

Research & Development L.L.C., Raritan, NJ, abr. BTZ) is a
modified, phenylalanine-boroleucine dipeptide (N-pyrazino-
phe-boroleu) with a molecular mass of 384.24 Da. It was the
first selective and one of the few drugs for the treatment of
relapsed and refractory multiple myeloma approved by the U.S.
Food and Drug Administration (FDA) in 2003. It has also shown
potential in the treatment of other malignancies such as non-
Hodgkin’s lymphomas and solid tumors as well as prostate,
breast, ovarian, colorectal, pancreatic, and non-small-cell lung
cancers. Its mechanism of action lies in the inhibition of the
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proteasomes. Proteasomes are large multi-protease complexes,
localized in the nucleus and cytosol, responsible for regulating
protein expression and function through the controlled degradation
of more than 80% of cellular proteins, undergoing ubiquitination.*
While once considered risky or even outright untenable ther-
apeutic targets, proteasomes have nowadays been the focus of
many inhibitors in the treatment of multiple myeloma, with
sales exceeding three billion US dollars annually.> Bortezomib
is designed in order to fit into the active site of the proteasomes
causing stable inhibition. The presence of an empty p-orbital
on the boron atom can accommodate the lone pair of electrons

This journal is © The Royal Society of Chemistry 2023
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from the oxygen atom of threonine, present in the chymotrypsin-
like (CT-L) active site of the proteasome, forming a stable, albeit
reversible, sp3 hybridized tetrahedral intermediate complex.**
Although with lower affinity, Bortezomib has also been reported
to bind the caspase-like (C-L) and tryptic-like (T-L) subunits.*™®

Despite its potency and reversibility, Bortezomib suffers
from certain drawbacks, including dose-limiting toxicities’
due to its short half-life.>® Bortezomib has an elimination
half-life of 9-15 h, before being cleared by hepatic metabolism
and only lasts about 5 minutes to 2 h when administered
intravenously and subcutaneously.'® This rapid elimination
rate coupled with its non-specific binding to proteins in serum
impairs its accumulation and penetration into solid tissues,
leading to patients requiring constant intake, twice a week, over
multiple cycles. Like many other cancer therapies, some patients
inevitably develop resistance over time, while others end up not
responding at all to Bortezomib treatment.'' As such, both
combined-therapies in conjunction with Bortezomib,'>"* as well
as finding the proper carriers/scaffolds towards its controlled
delivery are both subjects of much attention.

Nanoparticle delivery systems (NPs) are excellent drug delivery
candidates with targeted-NPs, non-targeted and triggered-NPs all
being used for the treatment of multiple myeloma and various
types of cancer.'* The different categories of nanoparticles,
proposed in recent review articles for Bortezomib’s controlled
release, can mostly be divided into polymeric and lipidic drug
delivery systems. Solid lipid nanoparticles (SLNs) are often used as
carriers to improve the intestinal permeability of Bortezomib,">*®
alongside targeted and non-targeted liposomes,"”” microemul-
sions'® and nanostructured lipid carriers (NLCs)."**°

Polymeric micelles are the result of self-assembly of amphiphilic
block copolymers in aqueous solution. The core-shell structure
they exhibit is ideal for encapsulating and improving the solubility
of Bortezomib, as was demonstrated by Liu et al. through a dual
pH-sensitive drug delivery system comprised of BTZ and polymer
conjugates®** and others.”®> While dendrimers** and inorganic
nanoparticles® have also seen extensive use for Bortezomib deliv-
ety, biomimetic nanomaterials®® and nanogels>” appear especially
promising. Nanogels are biodegradable, water-containing, three-
dimensional, gelatinous nano-formulations with a high surface
area. Amin et al?® have developed a composite, temperature-
responsive nanogel using Bortezomib-loaded dopamine nano-
particles and a photo-thermal agent, while Liu et al* used
a dopamine-grafted hyaluronate nanogel for its encapsulation.
Biomimetic nanomaterials are functional materials comprised
of nanoscale components, with structural and technological simi-
larities to those of living organisms. Min et al. have employed® P22
viral capsids while Yu et al*' have used a copper sulfide/carbon
dot nanocomposite as a nanocarrier for Bortezomib encapsulation
and delivery.

Some recurring limitations of many Bortezomib controlled-
release carriers remain the possible toxicity of the side-products
as well as drug-loading and target-distribution restrictions.
Various computational approaches have been used in-order to
identify new candidates with greater Bortezomib loading and
unloading capacities as well as to compare potential candidates

This journal is © The Royal Society of Chemistry 2023
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and understand key mechanisms involved. Junlang Chen et al.
have performed molecular dynamics simulations in order to
investigate the potential application of graphene as a substrate
to carry and deliver Bortezomib amongst other drugs**** while
Abdus Samad et al. have used simulations and bioinformatics
approaches to identify Bortezomib as a likely inhibitor of the
Minichromosome maintenance complex component 7 (MCM?7)
protein.

Similarly, Yadav et al. have used a combination of MD
simulations and experiments to examine the binding of zole-
dronate with a proteasome’s subunit 5 as well as assess its
apoptotic and anti-proliferative activity in multiple myeloma,
when combined with Bortezomib.**

In the case of peptide drugs, self-assembly can lead to gelation
at high concentrations and the gels can be used for controlled
release of peptide drug monomers, as long as the self-assembly
process is reversible. A classic example is the octapeptide drug
lanreotide, an inhibitor of growth hormone that is used for the
treatment of acromegaly. The peptide self-assembles into tubes of
nanometric dimensions in aqueous solutions forming a gel.>> The
gel (Somatuline® autogel, https://www.ipsen.com) is used for
controlled release of the drug from gel implants. Moreover, due
to their ability to undergo spontaneous assembly into ordered,
biocompatible nanostructures through various non-covalent inter-
actions, self-assembling peptides constitute promising candidates
for Bortezomib drug delivery. A broad range of applications has
been reported for self-assembling peptides;**”*” moreover, most
cyclic and protected dipeptides yield excellent hydrogels**™** with
a large surface area, high water content and adjustable pore size.
The potential of self-assembled peptides as carriers for cancer
drug delivery has been recently reviewed by Tamamis and Gazit,**
while Pu et al*® have used a peptide-based supramolecular
hydrogel for the delivery of Bortezomib.

In the present study, we examined the propensity of Borte-
zomib to self-assemble using all-atom molecular dynamics
simulations and the corresponding experimental results.
Furthermore, following previous simulation works related to a
systematic investigation of the structural and conformational
properties of biocompatible aliphatic-aromatic dipeptides,*’ as
well as, experimental studies on hydrogel-forming aromatic
dipeptides,®”*®>> here we investigate different dipeptides as
potential candidates for controlled release of Bortezomib. To our
knowledge, the self-assembly of Bortezomib in water is examined
computationally for the first time. Moreover, its tendency to bind
to dipeptides of similar chemistry, with hydro-gelating capaci-
ties, is investigated. Cyclo-leucine-phenylalanine (Cyclo-LF)
dipeptides and their linear analogs leucine-phenylalanine (LF)
are juxtaposed with two types of protected diphenylalanine (FF)
dipeptides, N-(carboxybenzoxyl)-.-diphenylalanine (Z-FF) and N-
(fluorenylmethyloxycarbonyl)-.-diphenylalanine (Fmoc-FF), in a
way that they associate with Bortezomib. The thermodynamic
stability of the complexes formed in an aqueous environment, as
well as key morphological features of the nanoassemblies are
investigated at the molecular level. Our aim is to obtain quanti-
tative predictions of conformational and structural properties of
the Bortezomib-dipeptide complexes. Energy calculations and

Soft Matter, 2023,19, 8684-8697 | 8685
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the kinetics of the complexation process also provide critical
information. At the same time, the evaluation of the various
properties will indicate the degree of efficacy for the dipeptides
in order to be considered as potential candidates for Bortezo-
mib’s controlled release.

The rest of the paper is divided as follows: Section II presents
the model systems and simulation details; Section III comprises
the results divided into two main subsections, where reference
systems of solutions including only dipeptides or Bortezomib
and solutions with both the drug and dipeptides are discussed.
Further division according to the properties under investigation
is applied. Section IV follows with discussion and concluding
remarks.

2. Systems and methods

2.1. Description of the systems and simulation details

We have examined four different dipeptides as potential com-
plexation agents with Bortezomib (BTZ). All model dipeptides are
derivatives of the phenylalanine peptide varying in the identity of
the first or second amino acid, the architecture and the N-terminal
modification (ie., protection group). In more detail, we have
studied Leucine-Phenylalanine (Leu-Phe), Cyclo(-Leucine-Phenyl-
alanine-) (Cyclo(-Leu-Phe)), fluorenylmethyloxycarbonyl (Fmoc)-
protected diphenylalanine (Fmoc-FF) and carboxybenzyl-pro-
tected diphenylalanine (Z-FF). Aqueous solutions of the above
dipeptides with Bortezomib in a 1:1 composition ratio have been
simulated in a cubic simulation box under ambient conditions
(T =300 K and P = 1 atm). The concentration (c) is 38 mg
(dipeptide)/ml(solvent) for all systems whereas details for the
model systems are presented in Table 1.

Fully atomistic simulations were performed using the GRO-
MACS software.”® Solvent was described explicitly through the
single point charge SPC/E water model.>* All molecules are
modelled through the GROMOS54a7 force field*™” using the
Automated Topology Builder (ATB),***”~° which is a tool used
for generating force field parameters for molecules and mole-
cular complexes.

Non-bonded interactions were parameterized through a
spherically truncated 6-12 Lennard-Jones potential and stan-
dard Lorentz-Berthelot mixing rules with a cut-off distance of
1 nm. The particle-mesh Ewald (PME) algorithm was used for
the evaluation of the electrostatic interactions. The cut-off

Table 1 Description of the simulated systems

System #Molecules  # Water molec. # atoms Lgox(nm)
Reference systems

BTZ 100 18530 59790 8.50
LF 80 32011 98353 9.97
Cyclo-LF 80 30060 92420 9.77
Z-FF 80 51085 157415 11.70
FmocFF 80 62375 192165 12.45
Complex systems

BTZ - LF 50 50 42344 130582  10.96
BTZ - Cyclo-LF 50 50 46146 141938 11.27
BTZ - Z-FF 50 50 57856 178318 12.15
BTZ - FmocFF 50 50 48379 148987  12.67
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distance for PME was 1 nm, the PME-order was 4 and the Fourier
spacing was 0.12. The Berendsen barostat®® and the stochastic
velocity rescaling thermostat®® were used and the integration time
step was 1.0 fs. After the solvation of peptide molecules in water,
the starting configuration was energy minimized, while prior
to the production runs all systems were equilibrated for at least
50 ns. Production runs of 100 ns followed.

2.2. Analysis methods

In order to monitor the assembly propensity of dipeptides as
well as their association with Bortezomib and to characterize the
formed aggregates, appropriate analysis methods were utilized.
In this context, standard analysis tools of the GROMACS
package®® were employed. Quantities like pair radial distribution
functions (rdf), density and charge distributions as well as
various structural features were investigated. Binding energies
and hydrogen bonding were also calculated.

For the investigation of cluster formation and the explora-
tion of their characteristics a home-made script was developed
based on the procedure described in ref. 63,64, which is out-
lined as follows. Initially the center of mass of each molecule
(CM) is determined and considered as a potential center of a
cluster (cc). The condition that was checked in order to deter-
mine whether a neighboring molecule belonged to the cluster
centered at the selected (cc) was whether the CM-CM distance
between the two molecules was smaller than a critical distance.
The selection of this critical distance was the point where the
dipeptide-dipeptide or the dipeptide-Bortezomob center of
mass pair radial distribution function attained the value one
(see Section 3.2.1, Fig. 6). Each time a molecule was found to
belong to a cluster, it was eliminated from the pool of the system’s
molecules and the algorithm was repeated for the remaining
particles until the pool of molecules was empty. In this way a
series of non-overlapping clusters were obtained and each mole-
cule has been encountered only in one cluster. The number of
clusters and the average number of molecules per cluster were
recorded. Note here that there are many algorithms for clustering
and as expected a quantitative comparison in the number of
clusters formed and their population will differ slightly, according
to the criteria applied. However, the focus of the current analysis
is mostly on the process and the result of assembly of molecules
(clustering) in an aqueous environment, which becomes obvious
even by optical observations.

Energetic calculations related to the estimation of the enthalpy
of association were performed using the molecular mechanics/
Poisson Boltzmann surface area (MM/PBSA) method, as imple-
mented in the g_mmpbsa GROMACS utility tool,*® which uses the
APBS solver®® for computing the polar part of the solvation free-
energy. The entropic contributions were estimated through an in-
home script, based on the procedure described by Duan et al.*’

3. Results

The hydrophobic nature of parts of dipeptides, such as the
phenyl rings, is expected to lead to the formation of peptide

This journal is © The Royal Society of Chemistry 2023
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aggregates in an aqueous environment. It is therefore interesting
to explore (a) the self-assembly propensity of dipeptides in water
and how the presence of Bortezomib molecules affects the
clustering behavior; (b) whether the characteristics of the formed
complexes render the examined dipeptides as potential agents
for drug delivery purposes and (c) the main driving forces for the
formation of complexes. Therefore, we start with a brief inves-
tigation of the properties of Bortezomib and of the dipeptides
individually in water (reference systems).

3.1. Reference systems

Initially in order to examine the behavior of each dipeptide or
of Bortezomib in aqueous solution, we analyze the simulations
of the “reference systems” (see Table 1). We should note that
LF and Cyclo-LF aqueous solutions have been studied in our
previous publication® as well; some results are used here for
comparison purposes. Moreover, the Fmoc-FF and Z-FF hydro-
gel forming propensity has been previously established using
thorough theoretical and experimental studies.®®”*

The chemical structures of all five molecules are presented
in Fig. 1. Note that the drug substance (Bortezomib) has great
similarity in terms of its chemical formula with the four
peptides, which enhances the affinity between the two entities
and facilitates their complexation, as we will discuss in detail in
the next subsection.

Information at the molecular level concerning the local
structure of the dipeptides in water is given by the pair radial
distribution function (rdf), g(r). The rdfs have been calculated
between the centers-of-mass of dipeptides in all systems and
the results are presented in Fig. 2. A comparison of rdf curves
among the four dipeptides indicates the strongest self-
assembly propensity in the Cyclo-LF as it is revealed from the
highest peak. Rdfs’ peaks for Fmoc-FF and Z-FF follow, whereas
for LF the peak is considerably lower. The width of the peaks
also varies among the dipeptides with the one of LF being the
narrowest, indicating a considerably smaller size for the
formed aggregates. A similar extent of the curves is observed

<r“$w

a) Bortezomib

e

e) Z-FF

d) Fmoc-FF

Fig. 1 Chemical structures of all molecules examined in the present
study. (a) Bortezomib; (b) LF; (c) Cyclo-LF; (d) Fmoc-FF; and (e) Z-FF.
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Fig. 2 Pair radial distribution functions between the centers of mass of
molecules for all reference (single component) systems.

for Fmoc-FF and Cyclo-LF, while for Z-FF it is somewhat
narrower. For Bortezomib, the high peak in g(r) at short
distances signifies its tendency for self-assembly in aqueous
solution as well. The peak is shorter compared to the four
dipeptides, but at the same time broader, indicating the
formation of large aggregates.

Since hydrophobicity induces self-assembly of dipeptides in
water, clusters of various sizes are formed. The time evolution of
this process has been recorded throughout the trajectory based on
the algorithm described in Subsection 2.2 for cluster detection.

In all cases the number of the formed clusters (N(t)) is a
decreasing function of time, which converges to a plateau after
a certain time, different for each system as presented in Fig. 3.
Beyond this time, fluctuations around a fixed value are observed
since a continuous restructuring of the clusters through splitting
and merging occurs. Furthermore, Fig. 3 quantifies the kinetics
of the self-assembly, which is quite fast for all dipeptides. For

20 —IF
——Z-FF
15 Fmoc-FF

— Cyclo-LF

S 10
z ‘
N i b
TR RET g
-
0 n 1 1 1
0 50 100 150 200
t(ns)

Fig. 3 Number of clusters formed by the dipeptides as a function of time,
in the examined reference (single component) systems.
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Cyclo-LF beyond ~75 ns the number of clusters fluctuates
around one, for Z-FF and Fmoc-FF fluctuations around the three
and two cluster states are observed beyond ~ 100 ns, whereas, in
LF solution, smaller groups of dipeptides are formed and the
number of clusters fluctuates around 9 beyond ~130 ns.

Histograms of cluster population are created averaging over
the part of the trajectory where the clusterization process has
reached to a “steady state” (i.e. beyond the time defined from
Fig. 3). Fig. 4 contains the probability distributions of popula-
tion within each cluster, (P(A(t))), formed by dipeptides, as a
function of number of molecules each one contains. Except for
small groups of dipeptides (i.e., up to 10 molecules), clusters of
two different populations are the most probable in Fmoc-FF,
ranged in the intervals (10-28) and (50-68). For Z-FF a broad
distribution in the population of clusters with occasionally
stronger peaks are observed, while rarer cases of larger clusters
as well as clusters consisting of few dipeptides also exist. Two
well-separated populations are detected in Fig. 4 for Cyclo-LF,
one in the range (1-10) indicating the case of small groups of
dipeptides in aqueous solution or even individual molecules,
and the other in the range (65-78) showing a significant
possibility of formation of a single or a two cluster state. For
LF aggregation of few peptides is the most probable case, with
bigger groups of ~15 or ~25 peptides to be rarely formed.

Similarly, we explored the self-assembly propensity of Bor-
tezomib in water, which according to Fig. 5 is faster compared
to that of the four dipeptides. A rapid self-assembly process
leads to the formation of a single cluster of all Bortezomib
molecules. After ~45 ns (Fig. 5a), the number of clusters varies
between one and two, with the case of two being possibly one
big cluster and single molecules, which are attached to and
detached from the cluster spontaneously or aggregates of very
few molecules according to Fig. 5b.

[Le
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Fig. 4 Probability distribution of population within each cluster, as a
function of the number of molecules each one contains.
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Fig. 5 (a) Number of clusters formed by Bortezomib molecules as a function

of time. (b) Probability distributions of population within each cluster as a
function of number of Bortezomib molecules each one contains.

Characteristic snapshots of self-assembled structures for all
systems are presented in Fig. S3 (ESIt), where differences in
size are also observed. Quantification of the size of the formed
clusters is provided through the calculation of their radius of
gyration. Based on the histograms of Fig. 4, the configurations
of the most frequently encountered clusters of big size (i.e.,
beyond 10 molecules) are recorded. The radii of gyration of
these clusters and the corresponding number of molecules they
contain, expressed as a percentage of the total number of
dipeptides in solution, are reported in Table 2. The radius of
gyration of the individual molecules ((Rg)mor) is also included.
Almost all Bortezomib molecules contribute to the formation of
the largest clusters. Highly populated are also the Fmoc-FF and
Cyclo-LF clusters, whereas in Z-FF more clusters of less dipep-
tides are the most frequent. In LF the large clusters contain
even fewer dipeptides and are significantly rarer. According to
these recordings the size of the largest clusters in nm follows
the decreasing order: BTZ > Fmoc-FF > Cyclo-LF > Z-FF >
LF. Therefore, the largest clusters are between ~ (1.5-2.0) nm in
all systems, however it is not only the population that deter-
mines their size, but the extent of the molecules involved in
each case and the compactness of the clusters, parameters that
will be further discussed in the next subsection.

Hydrogen bonds between dipeptides have also been calcu-
lated and their average number per molecule over the last part
of the trajectory, where a ““stabilized” state has been achieved is
presented in Table 2. A big number of hydrogen bonds are
formed between Cyclo-LF dipeptides, which are followed by the
corresponding numbers between Z-FF and between BTZ. For LF
the attenuation of hydrogen bonding is expected because of its
reduced self-assembly propensity. However, it is interesting to
observe the reduced number of hydrogen bonds between Fmoc-
FF dipeptides, despite their strong self-assembly, which leads

This journal is © The Royal Society of Chemistry 2023
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Table 2 The number of molecules and the radius of gyration of the most frequently encountered clusters of big size; the average number of hydrogen

bonds between dipeptides per dipeptide

Systems Number of molecules (~most probable max) (Rg) (nm) (~most probable max) (Rg)mor (nm) (HBpep-pep)/dipep.
BTZ 99/100 1.9 £ 0.02 0.425 £ 0.001 0.84 £ 0.07
LF 31/80 1.4 £+ 0.05 0.321 £+ 0.001 0.52 £ 0.08
Cyclo-LF 78/80 1.7 £ 0.03 0.306 £ 0.002 1.11 £+ 0.07
Z-FF 37/80 1.5 £ 0.16 0.472 £ 0.003 0.88 + 0.08
Fmoc-FF 60/80 1.8 £ 0.15 0.513 £ 0.003 0.46 £ 0.07

to cluster formation (Fig. 2-4), rendering hydrogen bonding as
not the prominent driving force for clusterization.

3.2. Peptide/Bortezomib complexes

Given the above observed tendency of Bortezomib to self-assemble
in aqueous solutions, we sought to experimentally examine the
morphology and shape of the formed assemblies on the microscale
and in the test tube. No hydrogel formation was observed in the test
tube, and only spherical formation (no fibers or tubes) was
observed by FESEM under all conditions tested (Fig. S1, ESIT). This
precludes the possibility of gel formation by the drug itself and its
use for monomer-controlled delivery, as in the case of lanreotide
monomer delivery by the Somatuline™ autogel. We next considered
the encapsulation of the drug within the gel-forming dipeptides
examined above. The experimental results are presented in the ESIf
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(Fig. S2); however, no conclusive results can be drawn from
these as to which carrier would be optimal for Bortezomib
encapsulation and subsequent release. Hence, the optimal gel-
forming dipeptide carrier has to be selected from the quanti-
tative prediction of conformational, structural, dynamic and
energetic properties of the Bortezomib-dipeptide complexes.
Therefore, the following analysis explores the complexation of
the drug within the gel-forming dipeptides examined above, in
order to assess the possibility of using them as scaffolds for
delivery, based on theoretical insights.

In what follows, the complexation of Bortezomib with each
of the four dipeptides in aqueous solution is investigated.
Various measures are calculated providing an evaluation of
the aforementioned molecules as potential nanocarriers for the
drug substance through an effective complexation with this.
The affinity of the two components is initially expected as a
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Fig. 6 Pair radial distribution functions between the centers of mass of molecules for the pairs: Bortezomib—Bortezomib; dipeptide—dipeptide and
Bortezomib—dipeptide in the aqueous solutions at T = 300 K in all systems: (a) LF system; (b) Z-FF system; (c) Fmoc-FF system; and (d) Cyclo-LF system.
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result of the hydrophobicity of both moieties. Even more the
chemical structure of Bortezomib is partly similar to that of the
dipeptides, which is also beneficial for their assembly. However,
other interactions also exist and the exploration of their com-
bined effect will provide an important piece of information to
suggest the most effective of the dipeptides.

3.2.1. Cluster characterization. Pair radial distribution
functions between the different components in the aqueous
solution provide an initial indication for the most preferable
associations. This is shown in Fig. 6 for all four systems, where a
comparison of rdfs, based on the centers of mass of molecules,
between Bortezomib molecules, between dipeptides and between
dipeptides and Bortezomib is performed. No big differences are
observed among the three curves for all systems but the one with
LF, where the self-assembly propensity of Bortezomib molecules
in the solution is much more pronounced than that of dipeptides
(Ze., higher and broader peak of the corresponding g(r)). In
addition, the g(r) peak of BTZ-LF is slightly higher than that of
LF-LF, with the first curve also being broader indicating larger
aggregates. In the rest of the systems we note narrower g(r) for
Cyclo-LF-Cyclo-LF, with its peak at shorter distances compared to
the two corresponding g(r) curves of the system (i.e., BTZ-BTZ and
BTZ-Cyclo-LF), which can be attributed to the smaller size of the
dipeptide molecule compared to that of Bortezomib.

A comparison among BTZ-BTZ rdfs in the four systems is
presented in Fig. S4a (ESIt), where in LF and Cyclo-LF solutions
curves are rather similar, while a shorter peak and longer exten-
sion is observed in Z-FF and Fmoc-FF solutions. BTZ-dipeptide
rdfs are compared in Fig. S4b (ESIt), where all four curves are
peaked at the same distance of ~1 nm, with that of BTZ-LF being
the shorter, BTZ-Cyclo-LF follows, while BTZ-Z-FF and BTZ-
Fmoc-FF rdf curves are similar, higher and broader than the other
two. Overall, the rdfs indicate a tendency for all dipeptides to bind
to Bortezomib, leading to clusters, which may vary in the number
of dipeptides included, size and compactness.

Therefore, we proceed with a cluster analysis in order to address
these features. Significant variations in cluster sizes are observed
across all four systems, with broad distributions evident. Fig. 7
displays probability distributions showing how the number of
molecules, encompassing both dipeptides and Bortezomib, relates
to the population within each cluster. In all cases a considerable
population of single or few molecule groups exist. However,
crowded clusters (ie., which include more than 10 molecules)
obviously exist and big clusters of varying sizes are formed. In LF
solution (Fig. 7a) the probability for big clusters is found at ~16,
with a second peak at ~27. In Cyclo-LF (Fig. 7d) one high peak is
detected in the range of ~(18-28) and another one in ~(45-60). In
Z-FF solution populations are more distinct. In Fig. 7b, except for
the small group (up to 10 molecules), population in the range of
~(87-100) signifies the formation of a single big cluster of almost
all molecules in the solution. For Fmoc-FF (Fig. 7c) increased
population is met beyond 10, a second high peak is observed in
the range of ~(58-80), with intermediate states more sparsely
populated, indicating the two-cluster state as very possible.

We have to mention here that the values given above are
expected to be sensitive to the algorithm for cluster analysis
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Fig. 7 Probability distribution of population within each cluster formed by
dipeptide and Bortezomib molecules, as a function of number of mole-
cules each one contains.

(i.e., used criteria). However, the given intervals for clusters’
population are quite broad, providing a tolerance, which can
cover differences among cluster definitions. Furthermore, self-
assembly is a stochastic process and quantitative differences in
the probability distribution of population can be observed
among different pathways, yet qualitative trends toward the
formation of larger or smaller clusters are revealed. Nevertheless,
the main finding of this study is a comparative validation of
dipeptides for their complexation with BTZ.

Information for the compactness of the formed clusters is
given by the calculation of the density of atoms measured as a
function of the distance from their center, as presented in
Fig. 8. High density values are found in Cyclo-LF and LF, a bit
higher for the former, with the peaks centered at the same
position. For Z-FF the density peak is similar to that of LF but it
is moved at longer distances, indicating a less compact interior of
the clusters. Finally, a considerably looser structure is demon-
strated from the much lower peak in the density profile of Fmoc-
FF, which is centered at the same distance as that of Z-FF.
Moreover, the extension of the curve at longer distances indicates
a bigger average size for the formed clusters. This can be attrib-
uted to the protective side group, which in both Z-FF and Fmoc-FF
imposes larger distances between atoms in their conformations.
Even more pronounced is the case of Fmoc-FF where the three-
ring shape of the protective group is of reduced flexibility in the
way that it packs. This is an important observation because the
more compact the formed structures the less water content they
entrap and the less likely it is to be gel-like. This information is
strongly related to the desired application of the potential drug
nanocariers under investigation. Therefore, according to Fig. 7
and 8, a kind of classification of dipeptides as the protected FF
and the LF-based can be assigned, rendering the former class of
dipeptide-Bortezomib clusters larger in size and less compact.

This journal is © The Royal Society of Chemistry 2023
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The amount of water content inside the cluster is quantified
in Fig. 9a through the calculation of the water mass density as a
function of the distance from the center of the cluster. In
agreement with the density profiles there is not any water
content in the interior of LF and Cyclo-LF clusters up to
~1 nm from their center. Beyond this distance a gradual
increase of the water content is found reaching its bulk density
at long distances. More waterproof are the Z-FF clusters which
are impermeable to water up to ~2 nm. Substantial differences
are observed in the Fmoc-FF systems, where a small amount of
water is entrapped in the interior of the formed clusters as a
result of its looser structure. In Fmoc-FF clusters a constant
amount of water is contained up to ~ 1 nm, whereas beyond this
distance density of water increases gradually up to 1 g cm >,

Furthermore, boron plays a crucial role in this complexa-
tion. Boron binds to threonine and inhibits the proteasome
(conjugation of electrons: empty p-orbital of boron with oxygen
of threonine). In order to achieve this function boron has to be
found close to the surface of the cluster. The atom density of
boron as a function of the distance from the center of the
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Fig. 9
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cluster is presented in Fig. 9b. A small proportion of boron
atoms is observed at long distances (i.e., around the surface of
the cluster) whereas the majority of them are found at ~1 nm
from the center, for LF and Cyclo-LF, according to the total
atom density distribution. In the Fmoc-FF system the atom
density peak is at ~2 nm whereas a considerable amount of
boron atoms is extended at longer distances, while in Z-FF two
peaks are detected at ~1.5 nm and ~2.25 nm, respectively.

A clearer picture for the arrangement of atoms within the
volume of the cluster is presented in Fig. 10 for all systems.
Atom density probability of the various components included in
the system as a function of the distance from the center of the
cluster is shown for dipeptide, Bortezomib, water and boron
atoms. The concentration of Bortezomib molecules and conse-
quently of the boron atoms on the surface of the cluster is clear
only in the system with Fmoc-FF, while there is almost an equal
probability of finding Bortezomib and Z-FF molecules on the
surface. In both the LF and Cyclo-LF systems, the Bortezomib
molecules are trapped by the corresponding dipeptide molecules
in the interior of the formed clusters. Therefore, Fig. 9 and 10
point to a further classification within the protected FF dipep-
tides, showing Fmoc-FF as the most water permeable with more
boron atoms exposed on the surface of the cluster.

Characteristic snapshots of all four complexes are presented
in Fig. 11, where water molecules have been omitted for clarity.
Bortezomib is presented with red and dipeptide with blue.
Clusters of various sizes are observed, which are classified in
one or two clusters case with few individual molecules dis-
persed in the solution as well. Since the molecules that make
up the clusters have different dimensions, the size of the
complexes varies accordingly. An interesting observation con-
cerns the LF system, where although the dipeptide presents a
weaker tendency to self-assemble in water (Fig. S3, ESIT), its
aqueous solution with BTZ leads to the complexation of the two
components and to the formation of clusters.

3.2.2. Energetic interactions

Binding energy. The complexation of the two molecules is
determined by the energetic interactions between all the com-
ponents in the aqueous solutions. The result is a combined
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(a) Mass density of water, (b) atom density probability of boron as a function of the distance from the center of the clusters.
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effect of electrostatic interactions, hydrogen bonding and
hydrophobicity. An important contribution to the energy

Fig. 11 Characteristic snapshots of dipeptide—BTZ complexes (a) LF; (b)
Z-FF; (c) Cyclo-LF; and (d) Fmoc-FF. Bortezomib molecules are presented
in red and dipeptides in blue color. Water molecules are omitted for clarity.
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quantification is provided by the calculation of the free energy
of association between the dipeptide and Bortezomib. The
calculation of the binding free energy can be realized through
various computational approaches.®>”>”’” Here we use the MM/
PBSA approach”®’® in conjunction with the interaction entropy
method®”"”® for the calculation of the enthalpic and the entro-
pic contributions, respectively. All the MD simulation data used
for energetic calculations correspond to the last 20ns of the
trajectory, within which the systems are in a ‘“stabilized”
conformational state. The variation of the enthalpic part (AH)
of the association free energy between Bortezomib and peptide
molecules per BZT molecule as a function of time is presented
in Fig. 12. The lowest energy indicates the energetically most
stable association. This is observed between BTZ and the two
protected versions of FF (Fmoc-FF and ZF), with the attraction
Z-FF even stronger. Then, the Cyclo-LF system follows, with
higher enthalpy values, while for LF the attraction with Borte-
zomib is further attenuated.

The corresponding entropic contributions in the associated
free energies have been calculated and are presented in Table 3,
together with the different energetic components involved in
the calculation of the enthalpy of association. The interaction
entropy method®””? is based on the calculation of the fluctua-
tions of the interaction energy around its average value. This
means that the more the fluctuation of the interaction energy,
the greater the entropic loss in the binding free energy. For the

This journal is © The Royal Society of Chemistry 2023
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Fig. 12 Binding enthalpy per BTZ molecule as a function of time between
the dipeptides and the BTZ.

studied systems, although highly fluctuating, the contribution
of the entropy is rather small compared to the enthalpic part of
the free energy.

Interestingly enough, the contribution of the van der Waals
components is higher than that of the electrostatic components,
although both act favorably towards association. Attraction between
BTZ and dipeptides follows the increasing order: LF < Cyclo-LF <
Fmoc-FF < Z-FF under both van der Waals and electrostatic
contributions. Comparable values of the total free energy of
association are derived in Fmoc-FF and Z-FF. The observed differ-
ence in Cyclo-LF arises mainly from the contribution of the van der
Waals interactions, whereas in LF both electrostatic and van der
Waals contributions are considerably smaller.

Hydrogen bonds. Hydrogen bonding constitutes an addi-
tional driving force of association. It is also related to the
tendency of dipeptide molecules to form clusters (see Section
3.1). Hydrogen bonds are formed among all different molecules
in the solution and average values over the last 20ns of the
trajectory (stabilized state) are provided in Table 4. The number
of hydrogen bonds between BTZ and dipeptide molecules per
BTZ molecule follows an increasing order similar to that of the
free energy of association: LF < Cyclo-LF < Fmoc-FF < Z-FF,
providing a synergistic contribution to clustering between the
two energetic components. However, differences are observed
in hydrogen bonding between dipeptides and between BTZ
molecules among the four systems. A big number of BTZ-BTZ
hydrogen bonds are counted in the LF and Cyclo-LF aqueous

Table 3 Average binding enthalpy between the BTZ and the dipeptides
per BTZ molecule, resolved into van der Waals and electrostatic compo-
nents, along with the entropic contribution in the free energy of associa-
tion. The units are kJ mol™
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Fig. 13 Average number of hydrogen bonds between the three groups of
hydrogen bonding active sites of BTZ and dipeptide molecules.

solutions, while a decrease is observed in Z-FF and even more
in Fmoc-FF systems. This is consistent with the entrapment of
BTZ by the dipeptide molecules in the case of LF-based dipep-
tides, in contrast to the protected FF dipeptides where BTZ
distribution is observed throughout the clusters, maintaining
larger intermolecular distances. Hydrogen bonding between
dipeptides is quite low for Fmoc-FF and LF, increases for
Cyclo-LF and attains the highest value for Z-FF. These values
reflect the arrangement of the molecules in the formed clusters
by providing information whether their accessible surface is
mainly exposed to themselves or to the cooperating molecule
in the cluster. Compared to the corresponding reference sys-
tems, the hydrogen bonds between the dipeptide molecules are
almost halved due to the intervening BZT molecules. We should
note that these data are in close agreement with the tendencies
observed by the analysis of the pair radial distribution functions,
shown in Fig. 6.

To further investigate binding modes during self-assembly
for the different systems we performed a more detailed analysis
of hydrogen bonds that is based on the separation of three
active sites on BTZ as follows: (a) OH bonded to boron; (b) NH-
groups; and (c) C—O groups. Hydrogen bonds are counted
between each of these groups and the dipeptides. Results for
the average number of hydrogen bonds per BTZ molecule are
provided in Table S1 in the ESI,{ whereas, a graphical repre-
sentation is presented in Fig. 13. With the exception of LF,
which is by all means the least stable case, for the other three

Table 4 Average number of hydrogen bonds between the components
of the systems

System (Eyaw)/BTZ (Eelec)/BTZ —TAS/BTZ  Systems (BTZ-BTZ)/BTZ (BTZ-DIPEP.)/BTZ (DIPEP-DIPEP.)/DIPEP.
LF —39.15 + 1.63 —7.83 +2.16 6.90 £ 0.89 LF 0.75 £ 0.10 0.16 + 0.08 0.294 + 0.08
Cyclo-LF —55.10 + 1.9 —14.61 £ 2.22 3.90 £3.57  Cyclo-LF 0.67 4 0.10 0.58 + 0.13 0.428 + 0.08
Fmoc-FF —86.86 + 1.99 —14.88 £ 0.97 6.50 + 1.01  Fmoc-FF 0.41 =+ 0.09 0.69 + 0.10 0.262 + 0.07
Z-FF —91.73 + 2.15 —~19.93 £ 1.16 471 £2.99  ZFF 0.51 + 0.09 0.76 £ 0.10 0.524 =+ 0.07

This journal is © The Royal Society of Chemistry 2023
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dipeptides the NH groups participate in the majority of hydro-
gen bonds. The contribution of OH active sites is almost equal
in all three systems, while the contribution of CO groups to
hydrogen bonding is similar for Cyclo-LF and Fmoc-FF, while it
is enhanced for Z-FF. Between FF-protected dipeptides the
difference of the protective group seems to favor Z-FF over
Fmoc-F for the hydrogen bonding between CO active sites of
BTZ and the FF part of dipeptide. Overall, the larger number of
hydrogen bonds of BTZ with Z-FF compared to Fmoc-FF can be
attributed to the more “bulky” and less flexible form of Fmoc-
protective group. The difference originates from the contribu-
tion of the backbone of the dipeptide (FF part) since no
hydrogen bonds exist between the BTZ and Z-/Fmoc- groups.
LF-based dipeptides have fewer hydrogen bonding active sites,
resulting in fewer hydrogen bonds with BTZ.

3.2.3. Kinetics. In this subsection we investigate the self-
assembly (clustering) kinetics of the peptide/Bortezomib com-
plexes. The evolution of the number of the formed clusters, N,
in time is shown in Fig. 14. It is clear that N,(¢) approaches a
steady-state, time-independent state, after around ~50ns for
all systems. However, the large fluctuations imply a dynamic
equilibrium between the association and the dissociation of
molecules in the formed clusters, resulting in a varying number
of clusters in the solution. Fluctuations are very pronounced in
the Fmoc-FF system where the number of the formed clusters
ranges between 2 and 11 indicating a continuous restructuring
of the clusters. This can be attributed to the reduced hydrogen
bonding between the Fmoc-FF dipeptides, which has also been
observed in the corresponding reference system. The reduced
number of hydrogen bonds facilitates the dissociation of cluster
segments that are mostly occupied by dipeptide molecules. Most
stable is the system with Cyclo-LF where the number of clusters
fluctuates between 2 and 3. For Z-FF and LF from 2 up to 6
clusters are detected. A comparison of the time evolution of the
number of clusters with the corresponding reference system
shows that BTZ molecules lead to a stabilization of the clustering
for the LF system in contrast to the Fmoc-FF system, where the

18 —BTZ-LF BTZ - Fmoc-FF 1

——BTZ - Z-FF —— BTZ - Cyclo-LE
14 ]

t(ns)

Fig. 14 Number of clusters formed by BTZ and dipeptides as a function of
time in the examined systems.
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fluctuations are enhanced making clusters less stable. Cyclo-LF
and Z-FF are less affected, while for all systems, but the LF one,
the “‘stabilized” state is reached in longer times than in the
corresponding reference systems.

Additional information can be extracted from the time
dependence of the hydrogen bonding. The number of hydrogen
bonds as a function of time starting from the initial configu-
ration, where all molecules are uniformly distributed in water,
is presented in Fig. S5 (ESIt). Hydrogen bonds between all pairs
of components (i.e., dipeptide-dipeptide, Bortezomib-Bortezo-
mib, and dipeptide-Bortezomib) form very quickly, as hydro-
phobicity forces the molecules closer to each other. In all cases
the number of hydrogen bonds reaches an almost constant
value beyond ~30 ns. Moreover, no preferred sequence is
detected in the approach of the molecules, so different pro-
cesses in the binding of the two components towards the final
clusterization cannot be reported. The large fluctuations indi-
cate once again the continuous attachment and detachment of
molecules in the formed clusters.

3.2.4. Clusterization pathways. Considering the limitations
of conventional simulation methods, such as MD, regarding
trapping in metastable states (local energy minima) and in order
to have an estimation of this effect on the physicochemical
behavior of the systems, two representative measures were
recalculated, based on one additional replica simulation for
three of the systems (Z-FF; BTZ-Fmoc-FF and BTZ-Cyclo-LF).
Results for pair radial distribution functions, which provide a
measure for the local structure and the affinity between two
entities are compared for the two replicas in Fig. S6 in the ESL}
The rdfs, which have been calculated between the center-of-mass
of molecules for the dipeptide-dipeptide and dipeptide-BTZ
pairs are similar for all three systems within statistical uncer-
tainties. Furthermore, the number of clusters formed by BTZ and
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Fig. 15 Number of clusters formed by molecules as a function of time in

the (a) Fmoc-FF with BTZ; (b) Cyclo-LF with BTZ; and (c) Z-FF bulk
systems.
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dipeptides as a function of time, which provides a measure for
the kinetics of the clusterization process, has been recalculated
for the new replicas. The comparison between the two runs for
the three systems is presented in Fig. 15 indicating a very similar
pathway towards the “‘equilibrated state”. Therefore, the physi-
cochemical characteristics underlying this association are cap-
tured whether or not the system reaches a local (metastable
state) or the global (final state) energetic minimum.

4. Conclusions

In the current work, a number of aromatic and aromatic-aliphatic
dipeptides are investigated as potential candidates for the con-
trolled release of the anticancer drug Bortezomib using all-atom
molecular dynamics simulations. The self-assembly propensity of
Bortezomib in water is explored initially followed by its tendency
to bind to dipeptides of similar chemistry. Four dipeptides with
reported hydro-gelating capacities have been examined namely
Cyclo-leucine-phenylalanine (Cyclo-LF), leucine-phenylalanine
(LF), N-(carboxybenzoxyl)-L.-diphenylalanine (Z-FF) and N-(fluore-
nylmethyloxycarbonyl)-L-diphenylalanine (Fmoc-FF). Quantitative
predictions of conformational, structural, dynamic and energetic
properties of the Bortezomib-dipeptide complexes are revealed.
At the same time, the comparison of various measures validates
the degree of efficacy of the dipeptides in order to be considered
as potential candidates for controlled release of Bortezomib.

Starting with the neat systems of aqueous solutions of
Bortezomib or dipeptides, self-assembly is observed in all cases
as it is expected due to the hydrophobic parts of all molecules.
Well-defined spherical clusters of BTZ are observed in water,
which are formed very fast (i.e., beyond ~45 ns, fluctuations
around one or two clusters states are detected). This is also
confirmed from the corresponding FESEM observations. Com-
parison among the aqueous solutions of the four dipeptides
indicates the strongest self-assembly propensity in Cyclo-LF,
Fmoc-FF and Z-FF follow, whereas for LF it is considerably
weaker. The self-assembly process is accomplished quite fast
for all systems (i.e., in time intervals of the order of ~100 ns)
though slower than that of BTZ. One or few cluster states are
observed with the probability distributions of their average size
(in terms of population) being more localized for Cyclo-LF and
Fmoc-FF and broader for the two others. At the same time a
considerable number of big clusters are detected for the two
former dipeptides, followed by Z-FF, whereas for LF, groups of
fewer dipeptides are formed. However, the order of the strength
of self-assembly does not follow the number of hydrogen bonds
formed between dipeptides. This suggests the synergistic effect
of various driving forces resulting in the formed structures.

In aqueous solutions containing dipeptides and BTZ, pro-
nounced self-assembly phenomena are evident, giving rise to
the formation of clusters composed of both dipeptides and BTZ
molecules. Through a similar systematic analysis, an initial
categorization of dipeptides emerges, distinguishing between
the protected dipeptides FF (Fmoc-FF and Z-FF) and the LF-
based dipeptides (Cyclo-LF and LF). Notably, the former class of
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dipeptide-Bortezomib clusters exhibits larger dimensions in
terms of cluster size. Concerning the compactness of the
clusters, high density values are found in Cyclo-LF and LF, a
bit higher for the former. For Z-FF the density peak is similar to
that of LF but it is moved at longer distances, indicating a less
compact interior of the clusters, whereas, a considerably looser
structure is observed for Fmoc-FF. This is attributed to the
three-ring shape of the protective group, which is of reduced
flexibility in the way that it packs, imposing larger distances
between atoms. As a result, an accessible area for water is found
in the interior of the Fmoc-FF/BTZ cluster in contrast to the
clusters of the rest of dipeptides, enhancing its hydro-gelating
capacity. Moreover, Fmoc-FF/BTZ clusters are the only ones
where boron atoms are located on their surface. An almost
equal probability of finding Bortezomib (i.e., boron atoms) and
Z-FF molecules on the surface is observed in the case of Z-FF/
BTZ clusters, while in both the LF and Cyclo-LF systems, the
Bortezomib molecules are trapped by the corresponding dipep-
tide molecules in the interior of the formed clusters. Boron acts
as an inhibitor for the proteasome and its location on the
surface of the clusters is critical. The above observations give an
initial lead to Fmoc-FF.

In agreement with energetic measures the free energy of
association between the dipeptide and Bortezomib follows an
increasing order: LF < Cyclo-LF < Fmoc-FF < Z-FF (the same
for van der Waals and electrostatic contributions). The enthalpic
and the entropic parts of the free energy have been calculated
separately although the contribution of the latter is very small.
The number of hydrogen bonds between BTZ and dipeptide
molecules follows a similar order to that of the free energy of
association, providing their synergistic contribution to cluster-
ing. Energy-wise, the dipeptides divided into two classes show
that protected FFs have higher affinity with the drug molecules,
which will favor their entrapment. However, their ability to
release has to be considered as well. An initial assessment is
provided here; however, this will be explored extensively in a
forthcoming publication.

Exploring the kinetics of the peptide/BTZ complexes, an
acceleration of the process is observed compared to the refer-
ence systems of dipeptides. The number of the formed clusters
approaches a steady, time-independent state after around ~ 50 ns
for all systems, similar to the time that Bortezomib clusters are
formed in the pure BTZ aqueous solution. Comparing the time
evolution of the number of clusters with the corresponding
reference system, it is observed that the BTZ molecules lead to a
stabilization of the clustering for the LF system in contrast to the
Fmoc-FF system, where the fluctuations are enhanced, rendering
the clusters less stable. This could potentially support the release
of Bortezomib from Fmoc-FF clusters, since their reduced stability
facilitates the dissociation of cluster segments. This process will
be further explored in future studies.

Evaluating all the measures, we can claim that the protected
FF category is qualified and between its two members, Fmoc-FF
looks more promising. However, Z-FF also has various features
that could make it a potential candidate carrier for Bortezomib
and a promising candidate for future studies. The current study
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serves as a basis to pave the way towards optimal peptide
carrier selection, for the encapsulation and controlled delivery
of Bortezomib in future experimental studies.
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