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A doxorubicin—peptide—gold nanoparticle
conjugate as a functionalized drug delivery
system: exploring the limits¥
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Efficient transport of pharmaceuticals to malignant cells in the human body often requires the
application of drug-delivery systems (DDSs) consisting of several building blocks, each of them bearing a
specific function. While nanoparticles are promising as potential carrier moieties, biomolecules may add
to the efficient delivery by binding several drug molecules simultaneously. In this contribution, we apply
a combination of atomistic molecular dynamics simulations and density functional theory calculations to
characterize a multi-component DDS for the transport of the anthracycline antibiotic doxorubicin (DOX),
comprising a gold nanoparticle (NP) and a drug-binding peptide (DBP) grafted on the NP surface. We
have shown previously that the DDS can stabilize one DOX per DBP. However, by increasing the drug
load to a 2:1 DOX: DBP ratio the two drug molecules compete for the available adsorption sites, which
may cause spontaneous dissociation of one DOX molecule. We identify the chain length of the DBP as a
limiting factor for the drug-loading capacity and provide important guidelines for further optimization of
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1 Introduction

Cancer is the leading cause of death worldwide." The treatment
of malignant cancer cells requires chemotherapy, in which,
among others, anthracycline antibiotics such as doxorubicin
(DOX) are used as therapeutic agents.” The direct use of DOX or
other pharmaceuticals is, however, limited by severe side
effects occurring when the drug enters the human body.? These
side effects comprise cytotoxicity to undifferentiated cells,
cardiotoxicity, myelotoxicity, nausea, and vomiting. As such, it
is an ultimate goal of researchers to develop strategies that help
overcome these inadequacies. A forthcoming solution is the
application of drug-delivery systems (DDSs).* A DDS consists of
several building blocks, in which each unit of the DDS bears a
specific function. Besides the drug, prospective components of
a DDS are a biomolecule and a nanoparticle, which in conjunc-
tion may add to the transport efficiency of the drug. While a
biomolecule may bind several drug cargos at the same time, a
nanoparticle may carry several biomolecule-drug entities
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multi-component functionalized DDSs.

simultaneously. Another advantage corresponds to the fact that
ligands for targeted delivery or additional residues, facilitating
water solubility or enabling membrane translocation, can be
readily attached to the surface of a nanoparticle.

Gold nanoparticles (Au-NPs) are an auspicious carrier mate-
rial for the delivery of DOX.” This can be explained by the fact
that chemically modified Au-NPs have been shown to overcome
multidrug resistance in cancer cells.® Gold nanoconjugates can
provide a highly effective method for introducing pharmaceu-
tically active substances into cells.” They can either entrap non-
covalently or bind through a covalent linker the active sub-
stance, where the site and rate of release often determine the
therapeutic efficacy.® Their function may be understood even
better if these conjugates are investigated by molecular model-
ling techniques on different time and length scales.’

Computational studies on the anthracycline antibiotic
doxorubicin™ and DDS components'' for its transport
increased in recent years. In these contributions, the geometry
of DOX in the gas phase and its structural and dynamic
parameters in aqueous solution under ambient and physiolo-
gical conditions were resolved,'® or the interactions of DOX
with a carrying wunit were quantified by molecular
simulations."! Further molecular-level details of the interaction
of DOX with the different building blocks of a DDS constituent
are ultimately required to fine-tune components within the
construction of a complex functionalized DDS. In a recent
theoretical study, we investigated a DDS component consisting
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of a gold nanoparticle (Au-NP) and a drug-binding peptide
(DBP) with one adsorbed DOX molecule by a combination of
atomistic molecular dynamics (MD) simulations and density
functional theory (DFT) calculations.'® Therein, the associate
NP-DBP-DOX was identified as a prospective building block of
a more complex DDS, corroborated by the fact that the drug was
preferably intercalated in-between its carrier moieties, NP and
DBP. It was concluded that this intercalation of the drug is
beneficial for its delivery, as DOX is efficiently shielded from
the electrolyte solution and, hence, is not directly exposed to
external influences during the transport.

In the present work, we extend our previous study on the
associate NP-DBP-DOX by increasing the number of DOX
molecules in the investigated model to identify the maximum
drug load per peptide chain for efficient drug delivery. Applying
a combination of classical MD and DFT, we identify the chain
length of the DBP as a limiting factor for the theoretically
observed 1:1 DOX:DBP ratio, which is in reasonable agree-
ment with experimental studies."® We also confirm the predis-
position of DOX to interact profoundly with its carrier material.

2 Computational details

To describe the associate NP-DBP-DOX by computational
methods, we adopt the atomic coordinates of a theoretically
modeled Au-NP from the literature.™ It should be emphasized
that the size of this Au-NP (2.46 nm in diameter; ¢f. ESL¥
Section S1) is somewhat smaller than Au-NPs in therapeutic or
other applications, typically ranging from about 5 nm to 10
nm.® However, the reduction in size of the Au-NP is indispen-
sable to apply a modeling approach that takes both dynamic
(MD) and energetic (DFT) aspects of the multi-component DDS
into account. Consequently, we restrict the theoretical model to
one Au-NP covalently bound to one drug-binding peptide (DBP)
molecule. DBP has the sequence NH;'-CGGLWSPWYGGSW-
CONH,. It is attached to the NP by a covalent Au-S bond via
the side chain of the N-terminal cysteine residue (C) of the
peptide, which is coherent with experimental studies of the
associate NP-DBP-DOX. "

Two DOX molecules are present in the investigated model
system. In the initial configuration, one DOX is already
attached to the peptide and a second DOX molecule is ran-
domly placed in the saline solution surrounding the NP-DBP-
DOX complex obtained in our previous study.'? The last snap-
shot of the trajectory from the previous work'? is taken as the
starting geometry. Fig. 1 provides a sketch of NP-DBP-2DOX
after the system is fully relaxed. A complete illustration of the
model system can be found in the ESIt (Fig. S1).

The associate NP-DBP-2DOX is solvated in a box with edge
sizes of (6 x 6 x 7) nm, applying periodic boundary conditions.
Sodium and chloride ions are added to mimic physiological
conditions of the human body at T = 310 K, that is, the NaCl
concentration amounts to 154 mmol L~'. The number of
explicit water molecules in the simulations is 7767. The total
number of atoms in the model is 24 111.
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Fig. 1 Snapshot of the modeled complex NP-DBP-2DOX. The Au-NP is
sketched with vdW spheres, lines are used for DOX, and all amino acids of
the DBP are in CPK representation. Water molecules and inorganic ions are
omitted for clarity. The DOX molecules on the left or right are denoted as
DOX; or DOX; in the text, respectively.

Atomistic MD simulations are performed for the NP-DBP-
2DOX model (Fig. 1), using the force field AMBER03"® for DOX,
DBP, as well as for the sodium cations, chloride anions, and the
caps of Au-NP. The solvent is modeled by TIP3P."® Parameters
used for the charged forms of the drug and the DBP are
specified in previous publications.”'* The parameters for the
covalent Au-S junction between Au-NP and DBP as well as non-
bonded parameters for Au are taken from the study of Giri and
Spohr."” RESP charges'® for the Au, C, S, and H atoms of the
caps are given in our previous publication.”

For all Au atoms of the Au-NP, position restraints with a
force constant of 1800 k] mol~* nm~? are imposed during all
MD simulations to prevent the Au-NP from dissociating, dis-
cussed in more detail in our previous work.”'* Berendsen
barostat'® and v-rescale thermostat® are employed to maintain
conditions close to those in vivo, i.e., constant pressure of 1 bar
and temperature of 310 K. During the simulations, all
hydrogen-containing bonds are restrained by LINCS*' or
SETTLE?* for the organic molecules and water, respectively. A
Lennard-Jones potential with a cutoff of 1.2 nm and a switch
function activated at 1.0 nm describes the non-bonded inter-
actions, while electrostatics is assessed in the monopole
approximation with the PME method,* applying a cutoff of
1.2 nm and a switch function turned on at 1.0 nm. The 1-BFGS
algorithm® is used for energy minimization, and the integra-
tion of the equations of motion is performed with leap-frog,”®
using a time step of 1 fs. Snapshots in the trajectory are saved
every 2 ps.

This journal is © the Owner Societies 2022
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All MD simulations, applying the software package Gromacs
2016.3,%° are carried out following a standard protocol, consist-
ing of energy minimization with position restraints, energy
minimization without position restraints (except for those on
the Au atoms, which are maintained throughout the entire
simulation), heating, equilibration, and data collection within a
production phase of 200 ns. This procedure is described in
detail in our previous work.® The equilibration of the associate
NP-DBP-2DOX is verified by the evolution of the total energy,
temperature, pressure, and the root-mean-square deviation
(RMSD) of the atomic coordinates of the highly flexible DBP
with respect to the coordinates of the minimized structure (Fig.
S2, ESIf).

Cluster analysis of the production part of the trajectory is
performed with the method of Jarvis-Patrick,”” in which a
cutoff distance of 0.13 nm is used. Clusters with a relative
population of at least 3% are considered as representative of a
given structural type, referring to previous studies on DOX.>'* A
given configuration is illustrated by its middle structure. VMD
1.8.6%® is used for visualization.

For the middle structures of all representative clusters, a
model consisting of 421 atoms (all 138 atoms of the two DOX
residues, all 192 atoms of DBP, 91 atoms from the capped Au-
NP) is subjected to DFT calculations. The parts of the Au-NP
that do not interact directly with DBP-2DOX are cut out for
computational feasibility. To obtain the binding energies (BEs)
between the four parts of the DDS component, DFT with
dispersion correction is employed, utilizing B3LYP-D3 as the
functional® and 6-31G* as the basis set for all atoms except Au,
for which LANL2DZ*° is applied. The BEs are calculated for the
dimers DOX,-DBP, DOX,-DBP, DOX,-NP, DOX,-NP, and DBP-
NP in vacuo from the relation BE = E(X-Y) — E(X) — E(Y), in
which E(X-Y), E(X), and E(Y) indicate the electronic energies of
the respective dimer (X-Y) and the corresponding monomers
(X and Y). Basis set superposition error (BSSE) counterpoise
correction®! is applied to alleviate overbinding effects. All DFT
calculations are performed with GAUSSIAN16.>*

3 Results and discussion

In the initial configuration of the associate NP-DBP-2DOX,
DOX; is interacting with the caps of the Au-NP and the
tryptophan residue W5, as observed in our previous study for
the conjugate NP-DBP-DOX."” DOX, is placed randomly in the
saline solution surrounding the NP-DBP-DOX complex.
Already during the MD relaxation stage, DOX, also adsorbs
on the NP-DBP carrier, finding the tryptophan residue W8 in
conjunction with the caps of the Au-NP as an adsorption site. In
the subsequent production phase (200 ns), different adsorption
structures of the two drug molecules are observed, in which
DOX; does not change its stacking partner W5, whereas DOX,
scans different adsorption sites on the surface of the conjugate
NP-DBP. After 195 ns, DOX, dissociates from the DDS compo-
nent into the saline solution, indicating that the conjugate
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NP-DBP can stabilize two drug molecules in a limited time
range only, as discussed below.

In the ESL,T Section S1, we compare the physical properties
of the Au-NP in the complex NP-DBP-2DOX to the associate
NP-DBP-DOX modeled in our previous study.'> We observe
that the presence of a second drug molecule results in an
elongated, non-spherical NP, accompanied by reorientation of
the Au atoms (Fig. S3 and S4, ESI{). We trace the more
deformed-sphere shape of the NP to the fact that the peptide
is more spread on the surface of the NP when two DOX entities
are adsorbed, thereby aiming at sufficient stabilization of both
drug molecules to prevent their dissociation. The configura-
tional changes of the NP and DBP have direct implications on
the surface chemistry of the two DOX residues within the DDS
component, which is discussed next.

In the 200 ns production phase, we observe the following
relatively long-living (with existence time > 5 ns) adsorption
structures, summarized in Fig. 2:

(a) DOX, is intercalated between the caps of the NP and the
tryptophan residue W5; DOX, is intercalated between the caps
of the NP and WS8.

(b) DOX; is intercalated between the caps of the NP and W5;
DOX, is non-specifically intercalated between the caps of the
NP and the backbone of the peptide, that is, there is no specific
interaction of the drug with any amino acid from the DBP.

(c) DOX; is stacked by W5 in a perpendicular arrangement to
the NP surface, in which part of the anthracycline fragment of
DOX interacts with the caps of the NP; DOX, is non-specifically
intercalated between the caps of the NP and the peptide
backbone.

(d) DOX; is stacked by W5 in a perpendicular arrangement
to the NP surface; DOX, is intercalated between W8 and W13.

(e) DOX, is stacked by W5 in a perpendicular arrangement to
the NP surface; DOX, is intercalated between the tyrosine
residue Y9 and the caps of the NP.

Enlarged depictions of the adsorption configurations in
Fig. 2 can be found in the ESLf Section S2 (Fig. S5-S9). As
evident from the representative structures, DOX has a pro-
nounced affinity to interact both with the DBP and with the
nanoparticle simultaneously. This was observed in the previous
study with one DOX entity as well.’? In the associate NP-DBP-
2DOX, both drug molecules attempt to intercalate their anthra-
cycline part between a tryptophan residue from the DBP and
the caps of the NP. Since DOX is positively charged, it happens
as far apart as possible along the peptide chain (Fig. 2(a)). This
causes significant stretching of the DBP structure, which tries
to balance between the two drug molecules.

The observed adsorption configurations are similar to the
structures obtained in our recent study of the conjugate NP-
DBP-DOX.'? There, DOX was either intercalated between the
caps of the NP and the tryptophan residue W5, intercalated
between two tryptophan residues (W5 and W13), stacked by W5
in a perpendicular arrangement to the NP surface, or non-
specifically intercalated between the caps of the NP and the
backbone of the peptide.'> Due to the presence of a second
drug molecule in the associate NP-DBP-2DOX, the tryptophan
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Fig. 2 Adsorption configurations of DOX; and DOX; in the complex NP-DBP-2DOX with (a)—(e) different intercalation patterns (see the text for details).
The primary interaction partners from the DBP for both DOX molecules are labeled in each configuration. The Au-NP is sketched with vdW spheres and
lines are used for DOX. Tryptophan or tyrosine residues of the DBP that directly interact with any of the two DOX entities are highlighted with licorice,

whereas all other amino acids of the DBP are in CPK representation.

entity W8 also comes into play, which stabilizes DOX, in the
first part of the trajectory. Contrary to the conjugate NP-DBP-
DOX, we observe interaction of the second drug molecule with
tyrosine (Y9), indicating that DOX, cannot find a stable adsorp-
tion site on the tryptophan. Indeed, the interaction of DOX,
with Y9 is shortterm and, thereafter, DOX, spontaneously
dissociates from the DDS component at ¢ = 195 ns and remains
in the solution until the end of the trajectory. This is the reason
why we did not evaluate further trajectories or did not extend
the simulations beyond 200 ns. The analyzed trajectory already
reveals that the conjugate NP-DBP-2DOX is not stable over an
extended time range. Rather, the NP-DBP junction can stabilize
two drug entities only for a limited period. Existence times at
the timescale of the MD simulations for the detected adsorp-
tion configurations are given as a histogram in Fig. 3.
Reading the histogram in Fig. 3 from left to right provides
an overview of the time evolution of the analyzed trajectory,
since the structures are ordered as they appear during the
simulation. A more detailed discussion of the MD trajectory
can be found in the ESILj Section S3. Adsorption state (a)
prevails in the first 70 ns of the trajectory, but at ¢ = 70 ns
DOX, leaves its stacking partner W8 and intercalates non-
specifically between the backbone of the peptide and the caps
of the Au-NP within configuration (b). Hence, DOX, is closer in
space to DOX;, but dimer formation of the DOX residues,
observed in previous studies of Gocheva et al. for the conjugate
DBP-DOX without the NP,'! does not take place. As discussed
in our previous contribution,'” the presence of the Au-NP
increases the degrees of freedom and provides an additional
option to interact with. It becomes evident from Fig. 2 and 3
that the Au-NP is of utmost importance to stabilize both drug
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Fig. 3 Existence times, extracted from the MD simulations, for the five
different adsorption states of DOX; and DOX, depicted in Fig. 2. The
adsorption state on the right corresponds to the last 5 ns of the production
phase, in which DOX; has dissociated from the DDS component (Fig. S10,
ESI+).

entities, discussed in more detail below within the analysis of
the DFT calculations.

After 85 ns, the adsorption configuration of DOX; switches
from the sandwich complex CAPS-DOX;-W5 to the perpendi-
cular configuration W5-DOX;, in which part of the drug is still
interacting with the caps of the NP. As such, both DOX residues
are separated from each other in that the tryptophan residue
W5 serves as a protection shield for DOX; (Fig. S7, ESIT). The
adsorption configuration (c) corresponds to the state with the
longest existence time of about 100 ns (Fig. 3). We trace this
finding to the fact that in this structure the peptide structure is
less strained compared to adsorption configurations (a) or (d),

This journal is © the Owner Societies 2022
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Table 1 Number of representative clusters and average values with
standard deviations of the BEs for the dimers DOX;,—NP, DOX;—-DBP, and
DBP,—NP (i = 1, 2) within the observed adsorption configurations (a)—(e)
(Fig. 2) in the associate NP=DBP-2DOX. The BEs are given in kcal mol™*

Configuration (@) (b) () (d) (e)

# Clusters 5 1 6 1 1

DOX;-NP —14.11 £ 5.52 —-3.72 0.86 + 6.82 +6.26 —3.00
DOX;-DBP +7.92 +£7.07 —8.96 —37.74 £ 8.32 —48.77 —30.16
DBP;-NP —67.07 £ 11.66 —56.20 —46.77 *+ 6.28 —51.29 —54.52
DOX,-NP —15.40 £ 5.51 —30.91 —22.18 + 6.87 —14.17 —-3.72
DOX,-DBP —5.34 £+ 10.33 —20.49 —23.32 £ 20.15 +2.73 +8.72
DBP,-NP —64.11 £ 7.58 —31.60 —30.83 + 11.87 —26.88 —40.97

in which several tryptophan residues of the DBP need to cope
with both drug entities at the same time. After 185 ns, DOX,
intercalates between W8 and W13 within the adsorption state
(d). It can be deduced from Fig. S8 that the anthracycline
fragment of the drug is not ideally aligned between the two
tryptophan residues, but rather the sandwich configuration
W8-DOX,-W13 is somewhat twisted. This might explain the
short existence time of this adsorption state, unlike the
complex with one DOX, where it was much more stable.'? After
that, DOX, switches its position to intercalate between tyrosine
(Y9) and the caps of the NP within adsorption configuration (e).
However, this placement is energetically unstable (Table 1) so
that DOX, dissociates from the DDS component. At the end,
only DOX; is carried by the conjugate NP-DBP.

To comprehend the energetics of the reported adsorption
configurations, we apply DFT calculations. Cluster analysis,
which brings together configurations of the same structural
types, reveals 14 representative geometries for the NP-DBP-
2DOX associate. For them, we calculate for both drug entities
separately the two-body binding energies between DOX and
DBP, DOX and NP, as well as DBP and NP (Table 1). When the
energetics for DOX; is assessed, DOX, is treated as a non-
interacting part together with the DBP and vice versa.

Table 1 indicates that the energetics of the two drug residues
significantly changes within the observed adsorption states.
While in adsorption configuration (a) both drug entities are
mainly stabilized by the caps of the NP, the interaction with the
peptide is only weakly attractive or even repulsive for DOX, and
DOX;, respectively. Since both pharmaceuticals are capped in a
sandwich configuration between the peptide and the caps of
the NP (Fig. S5, ESIt), the peptide needs to spread over the NP
surface to provide each drug molecule a single tryptophan
residue for intercalation. This may explain the strong inter-
action between the peptide and the nanoparticle, quantified
within the dimers DBP;-NP and DBP,-NP.
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As soon as DOX,, leaves its intercalation partner W8 (adsorp-
tion state (b)), the contribution of the peptide to the stabili-
zation of both drug entities significantly increases. This is
particularly visible in the adsorption state (c) with the longest
existence time, where DOX;, stacked by W5 in perpendicular
configuration to the NP, is entirely stabilized by the peptide,
while the peptide and the caps of the NP equally contribute to
the stabilization of DOX,. The enhanced attraction of both drug
residues with the DBP, though, is accompanied by a deterio-
rated interaction of the peptide and the caps of the NP (dimer
DBP-NP). Stabilization of both drug entities to a comparable
extent by the DBP is only observed in configuration (c), indicat-
ing that the DBP lacks balance between the two DOX molecules
in the other adsorption states.

In the last two adsorption configurations (d) and (e), the BE
between the peptide and the caps of the NP is enhanced. In
turn, this results in significant shrinking of the interaction
energy between DOX, and the DBP, while the stabilization of
DOX; by the peptide is almost unaffected. In other words, DOX,
keeps its attractive interaction with the DBP from configuration
(¢) in configurations (d) and (e) at the expense of DOX,, which is
even repelled by the peptide in these adsorption states. We
conclude that the BEs of the calculated dimers (Table 1) are
intrinsically coupled, involving a redistribution of the inter-
action energies between the different building blocks of the
DDS component when a change in adsorption configuration
takes place."”

In our previous contribution referring to the associate NP-
DBP-DOX,"” we identified the CAPS-DOX-WS5 configuration
(comparable to the stabilization of DOX; in (a) and (b) without
the presence of the second DOX molecule) as the longest-
existing and most stabilized adsorption state. We use the
energetics of the CAPS-DOX-W5 configuration obtained there
as a benchmark to assess whether the drug entities DOX;
and DOX, in the conjugate NP-DBP-2DOX are sufficiently
stabilized. The BEs for the dimers DOX-NP and DOX-DBP
from NP-DBP-DOX are (—16.83 + 8.38) kcal mol™' and
(—21.46 + 10.31) kcal mol ™", respectively.'> Thus, the overall
stabilization of DOX in the associate NP-DBP-DOX is given
by the sum of these two contributions, that is, (—38.29 =+
18.69) kcal mol . Table 2 summarizes the overall stabilization
energy of DOX; and DOX, in the conjugate NP-DBP-2DOX,
derived by summing up the BEs reported in Table 1.

Table 2 shows that the presence of DOX, significantly affects
the stabilization of DOX; in its sandwich configuration between
the caps of the NP and W5 (adsorption states (a) and (b)),
resulting in insufficient stabilization of DOX; when compared
to the benchmark value (—38.29 + 18.69) kcal mol '. In
contrast, DOX, is adequately stabilized in its intercalation

Table 2 Overall stabilization of DOX; and DOX; for the observed adsorption configurations (a)-(e) (Fig. 2) in the associate NP-DBP—-2DOX. The

calculated energies are given in kcal mol™

Configuration (@) (b) (c) (d) (e)

Overall DOX; stabilization —6.19 + 12.59 —12.68 —36.88 + 15.14 —42.51 —33.16
Overall DOX, stabilization —20.74 + 15.84 —51.40 —45.50 £+ 27.02 —11.44 +5.00
This journal is © the Owner Societies 2022 Phys. Chem. Chem. Phys., 2022, 24, 14985-14992 | 14989
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complex between the caps of the NP and W8 (adsorption state
(a)) and even improves its interaction with the building blocks
of the DDS component when intercalating non-specifically
between the NP and the DBP (adsorption state (b)). This finding
indicates that the short peptide chain is not capable of stabiliz-
ing two drug residues in a balanced way by a sandwich
arrangement between the caps of the NP and a tryptophan
residue at the same time, albeit this type of sandwich arrange-
ment is the energetically most favorable configuration for one
DOX molecule in the associate NP-DBP-DOX.'”> A potential
solution to guarantee sufficient stabilization of both drug
molecules refers to the n-stacking of DOX; by W5 perpendicular
to the NP surface in conjunction with the non-specific inter-
calation of DOX,, as encountered with the longest-existing
adsorption state (c). In this case, both drug entities are stabi-
lized similarly to DOX in the associate NP-DBP-DOX. However,
as discussed above, this adsorption configuration suffers from
a deteriorated interaction between the peptide and the NP,
which may explain why, despite stabilizing both drugs suffi-
ciently, a change in this adsorption configuration takes place.
In the short-living adsorption states (d) and (e), the increased
interaction between the DBP and NP (Table 1) is at the cost of
the residue DOX,, which, compared to the benchmark value
(—38.29 + 18.69) keal mol ™", is not sufficiently stabilized any-
more. Even worse, in adsorption state (e) the interaction energy
of DOX, with its partners is repulsive, explaining the sponta-
neous release of the drug from the DDS component shortly
afterwards.

In conclusion, the DFT calculations reveal that the conjugate
NP-DBP-2DOX is able to stabilize two drug residues suffi-
ciently in a limited time range only within the adsorption state
(c). The existence time of this configuration amounts to 100 ns
(Fig. 3). This may indicate that the associate NP-DBP is not
stable on the long term when carrying several drug cargos,
coinciding with the spontaneous dissociation of DOX, at the
end of the analyzed trajectory. The obtained results corroborate
the experimentally observed DOX:DBP ratio of about 0.7 at
pH = 9," providing a molecular-level explanation of why the
ratio DOX: DBP within the DDS component does not exceed
1:1. Even if the caps of the NP significantly contribute to
stabilize both DOX entities within the DDS component, the
short peptide chain is not capable of handling more than one
drug residue in the presence of the NP.

It should be noted, though, that a different behavior of the
peptide is witnessed in the absence of the Au-NP, in which
several drug cargos can be stacked on the tryptophan residues
within the DBP."' A potential strategy to overcome this issue in
the presence of the gold nanoparticle could be to replace the
short-sequenced DBP by a more extended peptide chain. This
may guarantee that the peptide can maintain its attractive
interaction with the caps of the NP, at the same time being
able to provide multiple stable adsorption sites for the drug
residues. Another option corresponds to a surface modification
of the Au-NP, such as by introducing functionalized groups that
add to the stabilization of DOX. Peptide ligands containing
tryptophan residues appear promising since tryptophan
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entities are present in the adsorption configurations (a) and
(c) with longest existence times (Fig. 3). Last, the pH of the
medium is a parameter to be tuned for efficient drug delivery.
In the ESI} Section S4, we report MD simulations for the
conjugate NP-DBP-2DOX, in which we mimic higher pH values
with deprotonated amine groups of the two DOX entities and
the cysteine residue of the DBP. In this higher-pH medium, the
adsorption state of DOX; is no longer linked to the location of
the tryptophan residue W8, which has a beneficial effect for the
entire DDS component, expressed in that DOX, can enter long-
living adsorption states with W13 or W13 and W8 that were
previously not accessible (Fig. S14 and S15, ESIt). Therefore,
variation of the medium acidity, or alternatively the way of
administration of the pharmaceutical, may be used as an
efficient tool for stabilization of the DOX-DBP-Au-NP drug
delivery component.

4 Conclusions

In the present manuscript, we explore theoretically a drug-
delivery system (DDS) component for the cytostatic doxorubicin
(DOX), considering as a carrier a gold nanoparticle (NP) with a
short chain drug-binding peptide (DBP) grafted on its surface.
While experimentally it was found that a maximum of about
one drug molecule can be attached to the carrier peptide, we
investigate the limiting 1:1 DOX:DBP ratio by molecular
modeling, applying a combination of atomistic molecular
dynamics simulations and density functional theory calcula-
tions for a well-defined NP-DBP-2DOX model system. We
demonstrate that by increasing the DOX:DBP ratio from 1:1
to 2:1, a different surface chemistry of the drug entities in the
DDS component is witnessed. This includes the presence of
unstable adsorption sites for at least one DOX molecule,
corroborated by the fact that one drug entity is spontaneously
released at the end of the MD trajectory. This result can be
understood by the application of DFT calculations, indicating
that the interaction of the released drug molecule with the
associate NP-DBP is repulsive before the pharmaceutical leaves
its carrier.

The DFT calculations reveal that the conjugate NP-DBP can
stabilize two drug molecules in a limited time range only.
Otherwise, the interaction of at least one DOX molecule with
its carriers is merely slightly attractive or even repulsive. We
identify that the DBP is the critical factor for the observed 1:1
DOX: DBP ratio. Due to the short chain of the peptide, the DBP
is distinctly strained when interacting with two drug entities in
the presence of the Au-NP. This is because the peptide strives to
keep its additional attractive interaction with the NP surface as
well. Therefore, it is not possible for the peptide to maintain
balance between two drug molecules and the NP, and thus the
DBP cannot handle more than one drug entity in the long term.
To overcome this, we suggest different strategies, including the
usage of an extended peptide chain, modification of the NP
surface by adding functional groups, or variation of the med-
ium acidity, to increase the drug load beyond the observed 1:1
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DOX: DBP ratio. The obtained results show that DOX is a very
active cargo, which perturbs its carriers by interacting strongly
with them. This is in line with previous reports®® and implies
that DDS components for the transport of DOX should be
selected carefully, preferably after pre-screening of their cou-
pling to the drug.

In conclusion, the present study underlines that the grafting
of DBP-DOX complexes on an Au-NP could be regarded as an
auspicious strategy to enhance the load of DOX per carrier unit
after directed tuning. It may contribute to the efficient trans-
port of anthracycline antibiotics to malignant cells within the
construction of a more complex DDS for the delivery of doxor-
ubicin in the future.
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