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Doxorubicin is cytotoxic anthracycline antibiotic drug used in cancer treatment. The drug’s efficacy in
various kinds of cancer made its usage dominant for treating cancers. In this study, we determined the
solubility of the doxorubicin in three different polymers, i.e., poly (N-isopropyl acrylamide), polyethylene
glycol, and polyvinyl pyrrolidone, to increase the doxorubicin’s drug efficacy on the targeted tumor site.
We investigated the doxorubicin-polymer interactions with carbon-nanotube in the aqueous environ-

ment for the targeted delivery application using classical molecular dynamics simulations. An in-depth
atomistic insight into polymer interaction with the drug/carbon-nanotube/water is obtained within
the study. We have critically analyzed various properties such as interaction energy, hydrogen bonds
between polymer-drug and polymer-water, the diffusion coefficient of the drug, end-to-end distance,

Keywords:
Doxorubicin
Anti-cancer Drug

Targeted Drug Delivery
Solubility Parameter
Molecular Dynamics

radius of gyration of the polymer chains, and finally, drug density contours for different drug to polymer
ratios. Our results explain the selection of effective monomer chain length of polymer and the suitability

of the polymer carrier with doxorubicin.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Doxorubicin (DOX) is an anti-cancer drug that is a non-selective
class I anthracyclines antibiotics which is a savior drug for cancer
treatment [1]. It has been used in various cancer treatments,
including gastric, lung, bladder, ovarian, thyroid, soft tissue cancer,
and breast cancer [2-4]. However, DOX is not exceptional; like any
other anti-cancer drug, it causes several side effects on healthy
cells. The probable reason is its high penetration capability through
tissues and intercalating/binding properties with DNA, proteins
with a function in the DNA replication are substantially ubiquiti-
nated [5] and the ceasing of RNA transcription. Among various side
effects, cardiotoxicity is the most predominant cytotoxicity of DOX
[6,7]. The other common side effects of DOX include baldness, gas-
trointestinal problems, nausea, and disturbance to the neurological
systems, and it also causes hallucination, and light-headedness
[1,8,9]. It is known to cause nephropathy and proteinuria by injur-
ing glomerular podocytes [10]. Additionally, DOX also exhibits
anti-proliferation properties of cells, which helps to stop the

* Corresponding authors.
E-mail addresses: anoop.vatti@manipal.edu (A.K. Vatti), P.Dey@tudelft.nl
(P. Dey).

https://doi.org/10.1016/j.molliq.2021.118005
0167-7322/© 2021 Elsevier B.V. All rights reserved.

growth of the cancer cells but causes enormous damage to healthy
cells. This leads to suppression of the body’s immune system
[11-14]. To overcome these problems, the necessity for designing
a targeted drug delivery system for cancer treatment is a need of
the hour. In this regard, nanotechnology has emerged and showed
promising applications in biomedical field [15-20].

Recently, carbon-nanotube (CNT) has attracted attention in the
field of targeted drug-delivery applications [21,22]. CNTs are
wrapped graphene sheets of hexagonally arranged sp? hybridized
carbon atoms. Single wall and multiwall CNTs are used extensively
to design targeted drug delivery systems [23]. Nano drug carriers
carry a unique feature of enhanced performance and retention over
the targeted tumor in cancer diseases due to their nanostructure.
The ability of functionalized CNTs to release drug contents at the
specific targeted site has substantially improved cancer treatment.
The advantage of CNT-based targeted drug delivery is that it can
deliver a very low dosage of the drug with minimal side effects.
CNT provides an isolated environment to the drug, which prevents
the degradation of the drug [24].

Despite of the several advantages, the application of CNT is lim-
ited because of its hydrophobic nature. The drug carrier design
becomes very challenging because of the aggregation of the
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hydrophobic CNT, which leads to undesirable toxicity such as
cell-cycle arrest, apoptosis, and necrosis [19]. However, CNT func-
tionalization with hydrophilic polymers improves the biocompati-
bility and stabilizes the carrier [25]. Therefore, the
functionalization of the CNTs is necessary. CNTs can be functional-
ized with various polymers such as poly-N-isopropyl acrylamide
(PNIPAM) [26,27], polyvinyl pyrrolidone (PVP) [28], poly(acrylic
acid) (PAA) [29] and polyethylene glycol (PEG), and many others.
While polymers such as polyacrylamide, polyethylene glycol, poly-
methacrylate, and polyvinyl amide are temperature-responsive,
the poly acryl acids are pH-responsive [30].

Several experimental and theoretical investigations have been
reported on DOX along with different polymers and nano carriers.
Habibi et al. [28] synthesized two magnetic nanoparticles coated
co-polymers that are PNIPAM and PVP. They performed experi-
ments with this co-polymer nanomaterial for the delivery of the
DOX drug. Their findings showed that high drug loading and low
release time, along with magnetic properties, make these two com-
posites suitable for the targeted drug delivery systems. Mina et al.
[31] studied the DOX drug delivery with pristine graphene and gra-
phene oxide as the nanocarriers using molecular dynamics (MD)
simulations. The pH of the medium and surface oxidation density
are considered as the principal parameters. The authors investi-
gated the adsorption and release of the drug at neutral and acidic
mediums. The study showed that neutral pH is favorable for the
adsorption of the drug on the carrier, and at acidic pH, the drug
releases from the surface of the carrier. Earlier theoretical investi-
gations have proven that the functionalized CNTs adsorb more of
the drug molecules than the pristine CNTs due to the excellent
interaction between the drug molecules and the CNT’s surface in
the former case as mentioned before. The DOX is readily adsorbed
on the surface of the CNTs via non-covalent 7t-7 stacking [30]. Izad-
yar et al. [32] investigated the functionalization of CNT with the
carboxylic group and studied the interaction of functionalized
CNT with DOX in aqueous solution. It is concluded from the study
that the adsorption behavior of DOX on CNTs is more accurately
predicted by the Langmuir model than the Freundlich model.

Dimitrios Missirlis et al. [33] investigated the polymeric
nanoparticles composed of poly(ethylene glycol) and poloxamer
407 (Pluronic F127). These polymeric nanoparticles were prepared
via inverse emulsion photo-polymerization. Pluronic F127 is a
symmetric triblock copolymer of poly(ethylene glycol)-bl-poly
(propylene glycol)-bl-poly(ethylene glycol) (PEG-PPG-PEG). The
DOX is encapsulated in PPG-rich hydrophobic areas, which are sur-
rounded by a hydrophilic PEG-rich matrix of the nano-sized 3D
polymeric hydrogel. The drug showed stability against hydrolytic
degradation and continued to release DOX from the nanoparticu-
late system. Xia Dong et al. [34] investigated DOX-loaded hydrogel
with four-arm PEG-PCL co-polymer along with porphyrin (POR).
POR is a special fluorescent compound. Their results showed
long-lasting therapeutic effects, as evident from the multispectral
fluorescence imaging system. Min Liu et al. [35] developed the
thermo-responsive co-polymer, alginate-g-poly(N-isopropyl acry-
lamide) (alginate-g-PNIPAAm), based stable injectable hydrogel.
After the Alginate-g-PNIPAAm formed hydrogel, the polymer
formed self-assembled micelles. These polymer matrices showed
liquid soluble property below lower critical solution temperature
(LCST) and became hydrogel when injected at the body tempera-
ture of 37°C. The hydrogel is encapsulated with the DOX. The
DOX-encapsulated micelles showed enhanced permeability and
retention effect. Further, a sustained and slow release of DOX is
achieved without any sign of initial burst release.

Reza Maleki et al. [27] studied the effect of poly N-isopropyl
acrylamide polymer chain length on the carbon-nanotube based
drug delivery for the DOX drug using MD simulations. Their study
concludes that the polymer with chain length, i.e., 15 mer is more
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stable and effective in drug delivery systems than the higher chain
length polymer based on the structure and energetics of the sys-
tem. Reza Maleki et al. [36] studied the pH-sensitive DOX release
using single-walled and multi-walled CNTs. It is observed that
the transportation and carrier properties are superior in multi-
walled than single-walled CNTs. The interaction between multi-
walled and DOX is observed to be strong. Further, the multi-
walled system can release drugs slowly in comparison to the
single-walled CNTs. Reza Maleki and co-workers [37] also per-
formed MD simulations to study the effect of trimethyl chitosan
as a functionalizing agent for fullerene to develop a smart and
responsive drug delivery system. The investigators considered
DOX and paclitaxel as the model anti-cancer drugs for the MD sim-
ulations to study the co-adsorption and co-release of the drug at
neutral and acidic pH medium. The study concludes that the fuller-
ene carrier is capable of adsorbing the DOX at neutral pH.

The existing works on the targeted drug delivery of DOX high-
light several aspects as elaborated above. However, a systematic
analysis and polymer screening for the DOX drug is still missing
in the existing literature. The solubility parameter is an essential
factor for selecting the suitable polymer for the drug and is consid-
ered as the main factor for designing a targeted drug delivery sys-
tem. In this study, the solubility parameters for DOX and the
selected polymers, i.e., PNIPAM, PVP, and PEG, are evaluated. Fur-
thermore, an in-depth analysis of the end-to-end distance, the
radius of gyration of the polymer chains, hydrogen bond interac-
tions, and diffusion coefficient for the drug is presented. We also
probed the density contour of the drug molecules at various drug
concentrations within this work.

2. Computational Details

Latest Optimized Parameters for Liquid Simulations (OPLS4)
[38] in Desmond [39] Molecular Dynamics package within
Schrédinger simulation software [40] is used in this work. TIP3P
water model is used for the solvent description. The anti-cancer
drug is doxorubicin (C7;H9NOq7), and three different polymers
are PNIPAM, PEG, and PVP which we considered within our work.
The considered system sizes are presented in Table 1. First, DOX
molecules, polymers, and CNT are placed in the cubic box with
an initial dimension of 50 A. NPT equilibration simulation run is
performed to achieve the equilibrated volume of the system in
aqueous media, following which NVT simulations are performed.

The MD simulations are performed in NPT ensemble for a pro-
duction run of 100 ns to calculate the solubility parameter for poly-
mers. The time-step of 2 fs and temperature of 300 K are
considered for the solubility parameter estimation simulations.
We have considered 10 number of respective polymers to evaluate
the solubility parameter. We have performed DOX conformational
search using the mixed torsional and low mode sampling methods.
This sampling method utilizes a combination of the random
changes in torsion angles and molecular position. To evaluate the
conformers that are dominant at room temperature, the Boltzmann
population of a set of molecule structures is calculated. Based on
the Boltzmann population, bulk doxorubicin molecules system is
constructed to evaluate the bulk drug solubility parameter.

The doxorubicin, polymer, CNT and aqueous media simulation
conditions are elaborated below. The MD simulations in the NPT
ensemble are run for 25 ns, and later simulations in NVT ensemble
are performed for a production run of 120 ns, which is analyzed.
The temperature of 310 K approximately close to body tempera-
ture [41,42] is considered for simulations for the systems compris-
ing of CNT, polymer and doxorubicin. Nose-Hoover chain
thermostat and Martyna-Tobias-Klein barostat are used. The non-
bonded interactions are truncated at 9 A. We have considered 31
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Table 1
The number of the drug molecules, polymers and CNTs used in simulation boxes are presented below. All the simulation boxes are filled with TIP3P water molecules.
Drug concentration (%) Doxorubicin molecules Polymer Number of polymer chains Repeat units CNT

31 5 PNIPAM 5 15 1
31 5 PEG 13 15 1
31 5 PVP 5 15 1
50 10 PNIPAM 7 15 1
50 10 PEG 16 15 1
50 10 PVP 7 15 1

% and 50 % drug concentrations, and the drug concentration is eval-
uated using the following Eq. 1.

mass of drug

Drug Concentration = ————————————
mass of polymer

(1)
A single CNT is considered in the simulation box. The atomistic
structure of the system comprising of the drug, PNIPAM, and CNT
in an aqueous solution for 31 % of the drug concentration is shown
in Fig. 1.

3. Results and Discussion
3.1. Solubility Parameter

The selected polymers are subjected to energy minimization
and then MD simulation are performed in NPT ensemble to evalu-
ate the Hildebrand solubility parameter. The Hildebrand solubility
parameter and the heat of vaporization are closely related proper-
ties. The solubility parameter in MPa'/? is calculated using Eq. 2
which provides an estimate of the miscibility of drug and its poly-
mer carrier. Despite the limitations of this approach, solubility
parameters can provide a simple way for the rational selection of
polymer carriers. Greenhalgh and co-workers [43] proposed that
the solubility parameter difference between the polymer and drug
(Ad) plays an important role in selecting the polymer carrier.
Experiments showed that A§ values between 1.6 to 7.5 MPa'/?
are considered miscible. The polymer-drug system with Aé values
between 7.5 to 15 MPa'/? are slightly immiscible, whereas the Ad >
15.9 MPa'/? are immiscible.

In this work, the solubility parameter is calculated for the drug
and polymers for different monomer lengths. The evaluated solu-
bility parameters for different number of repeating units of the
polymer are summarized in the Table 2 for PNIPAM, Table 3 for
PEG and Table 4 for PVP. The polymer and the bulk drug solubility
parameter (§) is evaluated using Eq. 2.

Table 2

The calculated solubility parameter for the different monomer length of the PNIPAM
polymer and classification in terms of miscibility (i.e. As) for the polymer are
presented below. The time series standard deviation ¢ is shown in parenthesis.

5 for DOX (MPa'/ PNIPAM 5 for PNIPAM (MPa'/  As (MPa'/
2) Monomers 2) 2)
22.764 (0.127) 10 17.34 (0.23) 5.42
22.764 (0.127) 15 16.38 (0.19) 6.38
22.764 (0.127) 20 15.60 (0.21) 7.16
22.764 (0.127) 25 15.27 (0.18) 7.49
22.764 (0.127) 30 14.48 (0.31) 8.28
22.764 (0.127) 50 13.90 (0.26) 8.86

Table 3

The calculated solubility parameter for the different monomer length of the PEG
polymer and classification in terms of miscibility (i.e. As) for the polymer are
presented below. The time series standard deviation ¢ is shown in parenthesis.

5 for DOX (MPa'/?)  PEG Monomers & for PEG (MPa'’?)  As (MPa'/?)
22.764 (0.127) 10 23.57 (0.31) 0.81
22.764 (0.127) 15 22.16(0.18) 0.60
22.764 (0.127) 20 21.57 (0.18) 1.19
22.764 (0.127) 25 21.12(0.19) 1.64
22.764 (0.127) 30 20.84 (0.21) 1.92
22.764 (0.127) 50 19.83(0.13) 2.93

0= I[(AHy/ V)] (2)

where AH; is the heat of vaporization in kcal/mol and V,, is the
molar volume.

The difference of the solubility parameters of the drug and poly-
mer (Ad) can be seen in Table 2. It is noteworthy that the 10-mer,
15-mer and 20-mer are obtained to be miscible for PNIPAM within
our study. As mentioned before, Reza et al. [27] showed that the
PNIPAM 15-mer length is the most stable and effective in drug
delivery systems. Table 3 shows the difference of the solubility

Fig. 1. A snapshot of doxorubicin (DOX), carbon-nanotube (CNT) and PNIPAM polymer in aqueous solution is shown. The following is the color coding: PNIPAM polymer
(red), DOX (green), CNT (blue). The v-shaped markings are the water molecules. (Left) Before NPT simulation (Right) After NVT simulation at 43.65 ns.

3
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Table 4

The calculated solubility parameter for the different monomer length of the PVP
polymer and classification in terms of miscibility (i.e. Ad) for the polymer are
presented below. The time series standard deviation ¢ is shown in parenthesis.

5 for DOX (MPa'/?)  PVP Monomers ¢ for PVP (MPa'’?) A (MPa'/?)
22.764 (0.127) 10 18.25 (0.19) 4.51
22.764 (0.127) 15 16.77 (0.12) 5.99
22.764 (0.127) 20 16.17(0.23) 6.59
22.764 (0.127) 25 15.58(0.22) 7.18
22.764 (0.127) 30 14.93(0.24) 7.83
22.764 (0.127) 50 14.71(0.13) 8.05

parameters for PEG at various monomer lengths. It can be seen
based on the obtained difference in solubility parameter values
that all the selected monomer lengths are suitable for the doxoru-
bicin drug. Similarly, we probed the PVP as the polymer carrier for
which the 10-mer, 15-mer, 20-mer and 25-mer PVP are obtained
as suitable carriers for the doxorubicin drug as shown in Table 4.
Based on our above analysis, we selected 15-mer polymer chain
lengths for the PNIPAM, PVP, and PEG for performing MD simula-
tions along with CNT in an aqueous solution.

3.2. Interaction Energy

We investigated the total interaction energy to understand the
different pair interactions mainly doxorubicin-CNT, polymer-CNT
and polymer-doxorubicin. The sum of the non-bonded interac-
tions, mainly electrostatic and van der Waals (vdW) interaction
energies yields the total interaction energy. The electrostatic and
vdW interaction energies evaluated for different pairs of molecules
are summarized in Table 5. The negative interaction energies with
respect to the doxorubicin-CNT pair suggest that the attractive
interactions dominate between DOX-CNT at drug concentrations
considered within this study. The vdW interaction energies
between PNIPAM-CNT, PEG-CNT and PVP-CNT are found to be
—42.8107 kcal/mol, —3.1985 kcal/mol and -18.4593 kcal/mol
respectively at 31% drug concentration. Based on the total interac-
tion energies, PNIPAM polymer is found to be most attractive to the
CNT at 31% drug concentration. The dominant vdW interaction
energies are found for PNIPAM-CNT and PVP-CNT in comparison
to the PEG-CNT. This attractive energy for the PNIPAM and PVP
allows the higher aggregation of polymers around the CNT. It is
interesting to note that for PNIPAM-DOX, PEG-DOX and PVP-DOX
based on the total interaction energy, the PVP-DOX is the most
attractive at 31% drug concentration in comparison to PNIPAM
and PEG polymers. Our results indicate that there is strong vdW
interaction between the PVP-DOX.

Table 5
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The vdW interaction energies between PNIPAM-CNT, PEG-CNT
and PVP-CNT are found to be —0.0959 kcal/mol, —2.742 kcal/mol
and —30.718 kcal/mol respectively at 50% drug concentration.
Based on the total interaction energies, PVP polymer is found to
be most attractive to the CNT at 50% drug concentration. The most
dominant vdW interaction energy is found for PVP-CNT in compar-
ison to PNIPAM-CNT and PEG-CNT. Overall, DOX-CNT is found to
be attractive at 31% and 50% drug concentrations. Although, all
the considered polymers are observed to be attractive to CNT,
our results show that PNIPAM-CNT and PVP-CNT are the most
attractive at 31% and at 50% drug concentrations respectively.

3.3. End-to-End Distance

The end-to-end distance of the polymer, i.e., the distance
between one end of the polymer chain to the other end, is a critical
quantity to probe the statistical measure of the polymer chains.
The end-to-end distance is calculated using the worm-like chain
model [44] for the semi-flexible side chains [45]. The end-to-end
distance of the polymers averaged over all polymer molecules in
system is calculated over the complete MD simulation production
run using the following Eq. 3 [45]:

() = 2LsLo[1 ~ (Lo/Lo)(1 ~ exp(~Lo/Ly)) ®)

where <h2> is the mean squared end-to-end distance, Lo is the

extended chain length, and L is the persistence length.

Table 6 summarizes the end-to-end distances along with the
extended chain lengths and persistence lengths for the two differ-
ent drug concentrations under consideration. The end-to-end dis-
tances for the three polymers are illustrated in Fig. 2 (a), (b) and
(c) as a function of time for 31% drug concentration. It is evident
from the figure that the end-to-end distances are 25.13 A, 19.98
A and 23.2 A for PNIPAM, PEG and PVP respectively at 31% drug
concentration. We also observed that the end-to-end distances at
50% drug concentration for all the considered polymers are inline
with the 31% drug concentration. The persistence length indicates
that there will be no correlation beyond this distance, i.e., the poly-
mer chains are stiffer for a large distance. It can be seen from the
values presented in Table 6 that there is a slight decrease in the
persistence length with an increase in the drug concentration.
The flexible chains enhance the polymer and drug interactions.
Our study shows that polymer chain arrangement influences the
drug interactions with the polymer based on the drug concentra-
tion. This is because flexible chains can interact with the higher
amount of the drug at the 50% drug concentration.

The average interaction energies between doxorubicin-CNT, polymer-CNT and polymer-doxorubicin are presented below.

doxorubicin-CNT
Electrostatic van der Waals

Interaction Pair

polymer-CNT
Electrostatic van der Waals

polymer-doxorubicin
Electrostatic van der Waals

31% drug concentration

Interaction Energy (kcal/mol) (PNIPAM) —0.6664 -30.1328 -0.6941 —42.8107 —0.4468 -1.9593
Total Interaction Energy (kcal/mol) -30.799 -43.505 -2.406
Interaction Energy (kcal/mol) (PEG) -0.317 —25.3869 -0.0172 —3.1985 -0.6106 -1.5124
Total Interaction Energy (kcal/mol) -25.704 -3.216 -2.123
Interaction Energy (kcal/mol)(PVP) —0.8763 —23.8958 —0.7996 —18.4593 -4.3851 —15.7169
Total Interaction Energy (kcal/mol) -24.772 -19.259 -20.102

50% drug concentration

Interaction Energy (kcal/mol) (PNIPAM) —0.4874 —32.0421 -0.0172 —0.0959 0.0368 —0.0879
Total Interaction Energy (kcal/mol) -32.530 -0.113 -0.051
Interaction Energy (kcal/mol)(PEG) —0.7203 —23.9811 —0.1905 —2.7422 —0.0926 —0.3097
Total Interaction Energy (kcal/mol) -24.701 -2.933 -0.402
Interaction Energy (kcal/mol) (PVP) -0.1935 —25.0977 -0.1329 -30.7188 -5.3834 -0.0199
Total Interaction Energy (kcal/mol) -25.291 -30.852 -5.403
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Table 6
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The calculated end-to-end distance averaged over selected polymer chains over 120 ns of simulation time, persistence length, extended chain length (in A) and the time series
standard deviation (o) corresponding to the end-to-end distance values are shown for drug-CNT-polymer system for different drug to polymer ratios.

Polymer End-to-end distance (A) Persistence length (A) Extended chain length (A) o (A)
31% drug concentration
PNIPAM 25.13 8.60 46.53 2.02
PEG 19.98 4.41 56.30 1.78
PVP 23.22 7.77 44.84 2.11
50% drug concentration
PNIPAM 23.67 7.54 47.02 1.25
PEG 19.44 4.14 55.99 1.57
PVP 20.54 5.75 45.14 1.94
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Fig. 2. End-to-end distances for polymers (a) PNIPAM (b) PEG and (c) PVP as a function of simulation time are shown. Radius of gyration for polymers (d) PNIPAM (e) PEG and

(f) PVP plotted as a function of simulation time are shown. Calculations are performed at 31% drug concentration for 15mer.

3.4. Radius of Gyration

The radius of gyration intuitively allows to probe the size of the
polymer coil. In our work, the radius of gyration of PNIPAM, PEG
and PVP polymers are calculated. The radius of gyration (R,) can
be calculated using the following Eq. 4.

where N is the total number of monomers, r(i) and renre are the
coordinates of a monomer i and the centre of mass, respectively.
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R, for polymer chains at the 31% and 50% concentrations are calcu-
lated and are presented in Table 7 for the selected polymers for drug
compatibility. The calculated Ry as a function of time is shown in
Fig. 2 (d), (e) and (f) at 31% drug concentration. The R, values for
the PNIPAM, PEG and PVP are found to be 17.42 A, 22.19 A and
15.68 A, respectively. PEG, being hydrophilic and a linear molecule,
is more flexible in comparison to the PNIPAM in aqueous solution.
Higher radius of gyration signifies the higher dispersion of the drug
molecules within the polymer matrix. Therefore, allowing the poly-
mer to encapsulate the drug in a better way and to form a more
stable complex. Interestingly, with an increase in the drug concen-
tration, there is a slight increase in the R, values. Overall, PEG poly-
mer is found to have the highest value of R, for both the considered
drug concentrations.

3.5. Hydrogen Bonds

The hydrogen bond plays key role with respect to the interac-
tion of the drug-polymer and polymer-water. Mainly, the better
polymer-water interactions promote hydrophilicity nature of the
polymer. The hydrogen bonds between two pairs are calculated,
i.e.,, drug-polymer and polymer-solvent within this study. Fig. 3
shows the variation of the hydrogen bond as a function of simula-
tion time for PNIPAM-doxorubicin and PNIPAM-water at 31% drug
concentration.

The average number of the hydrogen bonds are summarized in
Table 8 for the polymer-water and polymer-DOX at different drug
concentrations. Overall with an increase in the drug concentration,
there is an increase in hydrogen bonds. The highest number of
hydrogen bonds is observed for the PNIPAM-DOX pair, and the
lowest is noticed for the PEG- DOX. This indicates that there is a
strong interaction between DOX and PNIPAM which in turn can
lead to the stability of the polymer carrier. In general, with an
increase in the drug concentration, there is an increase in hydrogen
bonds for polymer-water. The highest number of hydrogen bonds
are formed for PEG-water, and the lowest is observed for the
PVP-water. The lowest number of hydrogen bonds for PVP indi-
cates a good aggregation of the polymer compared to the PNIPAM
and PEG. It is interesting to note, based on ratio of polymer-DOX to
polymer-Water, that the H-bond count for PNIPAM-DOX interac-
tions is the highest, followed by PVP and PEG. This same observa-
tion is noticed for the two different drug concentrations considered
in this work.

3.6. Diffusion Coefficient

The diffusion coefficient averaged over all the doxorubicin drug
molecules is calculated using the following Eq. 5 [46]:

C1d g L
D = glim 7 (|7() - 7(O)") (5)
Table 7

The calculated radius of gyration (in A) for polymer chains along with the standard
deviation (o) for two different drug concentrations are presented below.

Polymer Radius of gyration (A) o (A)
31% drug concentration

PNIPAM 17.42 1.06

PEG 22.19 1.76

PVP 15.68 1.43
50% drug concentration

PNIPAM 18.65 132

PEG 27.62 2.04

PVP 18.03 1.49
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Fig. 3. The hydrogen bonds are shown for two different pairs namely (a) PNIPAM-
Drug (b) PNIPAM-Water as a function of simulation time at 31% drug concentration.

Table 8

The calculated average number of hydrogen bonds are presented for selected
polymer-water and polymer-DOX along with the ratio of polymer-DOX to polymer-
Water for two different drug concentrations.

Polymer Polymer- Polymer- Ratio of polymer-DOX to polymer-
Water DOX water
Average number of H-bonds

31% drug concentration
PNIPAM 117 6 512%
PEG 222 2 0.90 %
PVP 90 2 222%

50% drug concentration
PNIPAM 160 13 8.12 %
PEG 280 3 1.07 %
PVP 115 4 3.47 %

<\F(t) - F(O)|2> is the mean-square displacement, where the angled

brackets indicate an ensemble average, which is an average over all
particles and time. The diffusion coefficients obtained within our
study are presented in Table 9 for DOX present along with polymer
and CNT in aqueous media. There is a clear sign that the diffusion
coefficient depends strongly on the selected polymer. The highest
diffusion coefficient is observed for the DOX in PVP polymer at
31% drug concentration. Further, with the increase in drug concen-
tration, the diffusion coefficient of DOX is decreased due to the
polymer’s enhanced interactions except for the PEG. This is due to
the fact that the PEG is hydrophilic and there is strong interaction
between PEG-water as observed in our H-bonds calculations. This
allows the higher mobility of drug molecules at higher drug concen-
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Table 9

The calculated diffusion coefficients (in m?/s) are shown for DOX molecule in three
different polymer systems at the considered drug concentrations. The time series
standard deviation (o) is also presented.

Polymer Doxorubicin diffusion coefficient (m?/s) o (m?[s)
31 % drug concentration
PNIPAM 469 x10°1 3.77x10°14
PEG 3.56 x10°! 3.99x10°14
PVP 7.77x10°11 9.15x107 14
50 % drug concentration
PNIPAM 1.85 x107 11 1.08 x10714
PEG 11.8 x10° 1! 3.00x107 14
PVP 424 x107" 1.40x1071

trations. Our study reveals that a lower drug concentration plays a
vital role in the higher mobility of the drug in polymer-carriers.

3.7. Drug Density Contours and Radial Distribution Function:DOX-CNT

The drug density cross-section contours are calculated by tak-
ing layers of a specified thickness perpendicular to a selected axis.
The cross-section density is evaluated using the layer partitioned
into cubes. The volume fraction of each atom that overlaps each
cube is determined and weighted by the atomic mass, summed
and divided by the cube volume to obtain the density in the cube.
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The DOX densities at different concentrations are shown in
Fig. 4. Fig. 4(a) and (b) show the drug density contours for the PNI-
PAM at both the drug concentrations, respectively. Likewise, Fig. 4
(c) and (d) shows the drug density contours for the PEG at both the
drug concentrations, respectively. Finally, Fig. 4(e) and (f) shows
the drug density contours for the PVP at both the drug concentra-
tions, respectively. The dashed white box in the figures shows the
average position of the CNT. It is evident from the figure that the
drug molecules are slightly delocalized for the higher drug concen-
tration. In contrast, for the lower drug concentration, drug mole-
cules are localized around the CNT. We observed within our
simulations that most of the drug molecules are attached to the
CNT surface. Our results also indicate that although DOX density
is delocalized, the highest concentration of the drug can be deliv-
ered at the targeted site using the CNTs.

Further, we probed the radial distribution function (RDF) for
CNT-DOX in different polymer matrix. From the Fig. 5 (a) on RDF
between CNT and DOX, a sharp peak around 8.8 A can be seen,
showing the average location of the DOX around CNT in the PEG
matrix at 31% drug concentration. On the other hand, two peaks
are observed at the 7.2 A and 8.2 A in the PNIPAM matrix. A broad
peak is observed from 8.58 A to 15 A in the PVP matrix. The prob-
ability of finding the DOX in the vicinity of CNT is found to be high-
est in the PEG matrix than the PNIPAM and PVP matrix but DOX is
close to CNT around 7.2 A in the PNIPAM matrix. In Fig. 5 (b) at the
50% drug concentration, RDF sharp peak for the CNT-DOX is
observed at 9.57 A in the PVP matrix. Further, three peaks are
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Fig. 4. Trajectory density contours of (a) Drug in PNIPAM (31% concentration) (b) Drug in PNIPAM (50% concentration) (c) Drug in PEG (31% concentration) (d) Drug in PEG
(50% concentration) (e) Drug in PVP (31% concentration) (f) Drug in PVP (50% concentration). White dashed box shows the average position of the CNT.
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Fig. 5. (a) Radial distribution function between CNT and DOX at 31% drug concentration and (b) Radial distribution function between CNT and DOX at 50% drug concentration

for polymers under consideration.

noticed for the CNT-DOX in PNIPAM matrix, starting from 8.15 A to
14 A. It is interesting to note that similar trends are observed for
the PNIPAM at both the considered drug concentrations. The prob-
ability of finding the DOX is highest at 8.5 A for 50% drug concen-
tration within the PNIPAM matrix.

4. Conclusion

In this work, three different polymer-drug interactions are
investigated by performing MD simulations at the various drug
to polymer ratios. Interestingly, 15-mer polymer chain lengths of
various polymers are found to be the best suitable for DOX-
loaded drug carriers based on the solubility parameter results.
The highest end-to-end distance is found for the PNIPAM in com-
parison to PEG and PVP. While investigating the radius of gyration
(Rg) of various polymers, PEG polymer showed the highest value of
the R, in both the considered drug concentrations. This increase in
R, value suggests higher dispersion of the drug molecules within
the polymer matrix. It is noteworthy that the diffusion coefficient
of the DOX is observed to decrease inside the polymer matrix at
the higher drug to polymer ratio except for the PEG. This discrep-
ancy is due to the strong interactions between PEG and water,
which in turn allows for the higher mobility of the DOX. It is seen
that the highest diffusion coefficient is for the lower drug to poly-
mer ratio thereby implying that a low drug concentration plays a
vital role in the high mobility of the drug inside the polymer
matrix. Additionally, PEG showed the highest number of hydrogen
bonds with water among all the polymers investigated, promoting
the polymer’s hydrophilicity. We are of the opinion that the delo-
calized and localized drug density contours obtained within this
study can be utilized for a better understanding of the drug distri-
bution over the carbon-nanotube. To summarize, we believe that
our study can be beneficial for the efficient and rationale drug
design and for the targeted drug delivery applications for any kind
of solid dispersed drugs keeping in view polymer-drug, polymer—
solvent and drug-CNT interactions.
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