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Molecular Dynamics Prediction Verified by Experimental
Evaluation of the Solubility of Different Drugs in
Poly(decalactone) for the Fabrication of Polymeric
Nanoemulsions

Jasmin Pyrhönen, Kuldeep K. Bansal,* Rajendra Bhadane, Carl-Eric Wilén,
Outi M. H. Salo-Ahen, and Jessica M. Rosenholm*

1. Introduction

Nanoemulsions are a rapidly growing drug
delivery technology, frequently utilized to
enhance a drug’s aqueous solubility and
stability. Nanoemulsions fabricated for
drug delivery usually consist of water as
a dispersion medium with the dispersed
phase (oil) droplet diameter ranging from
50 to 500 nm, stabilized by a surfactant.
Due to the small droplet size, nanoemul-
sions provide better stability against floccu-
lation, creaming, and sedimentation
compared to conventional emulsions.[1,2]

Owing to the advantages, a couple of nano-
emulsion formulations such as Neoral,
Restasis, and Diprivan are already on the
market. However, challenges associated
with nanoemulsions such as poor
stability (due to Ostwald ripening), cumber-
some, and expensive fabrication processes,
incapability of solubilizing drugs with a
high melting point (associated with oil),
and a requirement of a large surfactant
are some limiting factors hindering their

widespread industrial application.[1–4]

Considering these limitations, we have recently reported a
polymeric nanoemulsion, where a hydrophobic polymer, poly
(decalactone) (PDL), was used as the oil phase instead of
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Nanoemulsions are a rapidly growing drug delivery technology capable of
increasing a drug’s aqueous solubility and stability. A novel oil-in-water nano-
emulsion using a polymer, poly(decalactone) (PDL), instead of a conventional oil
was recently reported. The amount of drug loading in a polymer-based formu-
lation is mainly governed by the drug’s solubility in the polymer. Thus, herein the
power of molecular dynamics simulations (MDS) for the calculation of the
Hildebrand solubility parameter to predict PDL–drug miscibility is utilized. The
MDS results are subsequently verified by formulating a PDL nanoemulsion with a
dispersed droplet size of less than 200 nm by using a block copolymer of PDL
(mPEG-b-PDL) as a surfactant, with seven different hydrophobic drug molecules.
The MDS results are consistent with the experimental findings in terms of
increment in the aqueous solubilities of the drugs in PDL nanoemulsion, where
celecoxib demonstrated the highest while methotrexate exhibited the lowest sol-
ubility increment. Consequently, the reported MDS method can be utilized to
predict a drug’s solubility/miscibility in PDL to estimate the level of drug loading.
The MDS facilitated screening of drugs could consequently emerge as an efficient
approach in designing PDL nanoemulsions stabilized by mPEG-b-PDL or other
similar systems.
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traditional oils. A low-energy nanoprecipitation method was uti-
lized to fabricate the nanoemulsion with droplet sizes ranging
between 100 and 300 nm stabilized by Pluronic F-68. This novel
polymeric nanoemulsion successfully increased the aqueous sol-
ubility of the tested drugs and was found to be stable for at least
up to three months.[5] Nevertheless, similar to an oil-based nano-
emulsion, the solubility of a given drug in the polymer governs
the loading capability based on the concept “like-dissolves-like.”
Thus, finding the right polymer–drug combination is an
important aspect, but a manual analysis for the same is a slug-
gish procedure.

Though the terms solubility and miscibility are often used
interchangeably in this context, miscibility is defined as the
apparent solubilization of a drug in a polymer that may or
may not attain a thermodynamic equilibrium in the experimental
time frame, while solubility assumes a thermodynamic equilib-
rium of a drug in a polymer.[6] Several experimental methods
such as thermal analysis via melting point depression,
thermo-rheological methods, recrystallization, or dissolution
end point are available to determine the miscibility/solubility
of a drug in given polymer. However, it requires a substantial
amount of API and time to perform these experiments.[7–9]

With the increased computational power, molecular dynamics
simulations (MDS) are becoming an important tool for predict-
ing complex thermophysical and mechanical properties such as
polymer–drug solubility. Hansen and Hildebrand solubility
parameters are among the most widely applied theoretical
approaches for predicting the miscibility of drug–polymer
systems.[10] For example, the Hildebrand solubility parameter
utilizes a single parameter, δ, defined as the square root of
the cohesive energy density and is utilized to predict the solvency.
In the past few years, many studies have appeared where these
solubility parameter values obtained using MDS are used to
predict drug–polymer miscibility.[11–13]

Polymeric surfactants have been proven themselves as a prom-
ising stabilizing agent for providing higher stability to nanoemul-
sions, where the Pluronic family is a gold standard.
Consequently, Pluronic F-68 was also used as a stabilizer in
our previous study where a large quantity of surfactant (1:6
weight ratio, PDL:Pluronic) was required to generate a stable
nanoemulsion with a small droplet size.[5] Thus, fabrication of
nanoemulsions using the minimum amount of a surfactant is
an important aspect, which ascertains the success of the formu-
lation for human use. The stabilization capability of a surfactant
is fairly depending on the compatibility between the polymer and
the oil phase.[14,15] Rapoport and coworkers reported on the sta-
bilization of perfluorocarbon nanoemulsion using two different
variants of poly(ethylene oxide)-co-poly(lactide) (PEG-PLA)
polymer. They suggested that a copolymer with an amorphous
hydrophobic chain, that is, poly(D,L-lactide) performed better
compared to a copolymer having crystalline poly(L-lactide) as
the hydrophobic chain.[16,17] Lately, we also demonstrated that
micelles with an amorphous core demonstrate high drug loading
compared to semicrystalline core micelles.[18,19] Further, hydro-
philic block length and identity, polymer architecture (di-block or
tri-block), and polymer’s hydrophilic–lipophilic balance value are
the critical factors, which directly influence the stability of nano-
emulsions.[20] The stability of an emulsion mostly depends on
the capability of the surfactant to reduce the interfacial tension,

where the surfactant tends to adsorb at the oil–water interface.
When an amount of the surfactant adsorbs at the oil–water
interface, the interaction between the oil and the surfactant
causes a reduction in the interfacial energy.[21,22] Since properties
such as hydrophilicity, hydrophobicity, polymer architecture, and
rheology can easily be altered with the aid of a polymeric
surfactant, this type of surfactant can achieve a high reduction
in interfacial tension along with an increase in viscosity to gen-
erate a stable nanoemulsion.[23,24]

Therefore, the objective of this study was to develop a
polymeric nanoemulsion formulation with a high drug
solubilization capacity and stability. The interaction between
the PDL polymer and seven different hydrophobic drugs was first
predicted using the Hildebrand solubility parameter calculated
from MDS. The theoretical values were subsequently confirmed
with experiments by fabricating the nanoemulsions using our
earlier reported procedure.[5] The polymeric surfactant was
synthesized using PDL as the hydrophobic block and polyethyl-
ene glycol (PEG) as the hydrophilic block. Since the polymer
utilized to prepare the surfactant and the nanoemulsion (oil
phase) is the same, we anticipated to achieve a good
stability at lower surfactant concentrations due to favorable inter-
actions between them. The amphiphilic block copolymer
micelles of PDL were earlier successfully utilized for improved
delivery of hydrophobic drugs[25–27] and thus, to establish the
advantage of PDL as an oil in nanoemulsion, control micelle
formulations were also prepared and compared with the
nanoemulsion.

2. Results and Discussion

2.1. Synthesis and Characterization of Poly(decalactone)
Homopolymer and Block Copolymer Surfactant

The synthesis and characterization of homopolymer PDL was
already reported in our previous publication,[5] and the same
polymer was used in this study. The average molecular weight
determined by size exclusion chromatography for PDL polymer
was 9.4 kDa with polydispersity index of 1.21. The block copoly-
mer surfactant of poly(decalactone) (i.e., mPEG-b-PDL) was syn-
thesized using mPEG5k as the initiator according to the reported
procedure[18] (Scheme 1).

In our previous reports, we have successfully demonstrated
that mPEG-b-PDL, being an amphiphilic polymer, can self-
assemble into micelles with low CMC values and thus could
act as a potential surfactant.[18,26] The hydrophobic chain length
of mPEG-b-PDL was kept low in this study to enhance the aque-
ous solubility of the copolymer and to match with the molecular
weight of Pluronic F-68 (average molecular weight 8350). All the
peaks in 1HNMR matched with the previously reported values
and suggested successful synthesis and purification of mPEG-
b-PDL.[18] As per the 1HNMR, the mPEG-b-PDL contains �19
repeating units of PDL considering the proton integrals at
4.8 ppm (Figure 1), which corresponds to the molecular weight
of 3.2 kDa. Thus, the molecular weight of mPEG-b-PDL as cal-
culated by 1HNMR is 8.2 kDa, where we used mPEG 5 kDa as the
initiator.
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2.2. Computational Assessment of Polymer/API Bulk Properties

Various bulk properties such as density, heat of vaporization,
cohesive energy, and Hildebrand solubility parameter (δ) were
calculated for PDL, mPEG-b-PDL, and the studied API molecules
and are presented in Table 1. The heat of vaporization, cohesive
energy, and Hildebrand solubility parameters are closely related
properties.[28,29] The Hildebrand solubility is defined as the
square root of the cohesive energy density and is used to estimate
the degree of solubility/miscibility; hence, the substances with a
similar solubility parameter are more likely to be miscible.[30] It is
reported that substances with a solubility parameter difference of
<7.0MPa1/2 show complete miscibility while a value above

>10MPa1/2 indicates the lack of miscibility.[31,32] Hence, we
calculated the difference in the solubility parameter (DH)
between the polymer and a particular API as shown in Table 1.

It is observed that in case of mPEG-b-PDL, copolymerization
with PEG increases the polymer’s hydrophilicity, resulting
into an increase in the solubility parameter, and there is an over-
all drop in cohesive energy when compared with
the plain PDL. Figure 2 is a plot of the solubility parameter values
and DH.

Based on these results, the miscibility of APIs in PDL follows
the order: Celecoxib> Indomethacin> Itraconazole> Sunitinib
> Sorafenib > Furosemide>Methotrexate and in mPEG-b-PDL
the order is otherwise the same except for that celecoxib is ranked

Scheme 1. Synthesis scheme of poly(decalactone) homopolymer (top) and block copolymer surfactant (bottom). The number in subscript denotes the
molecular weight of each block.

Figure 1. 1HNMR spectra of mPEG-b-PDL in CDCl3. The molecular weight of the copolymer was calculated by comparing the proton resonance of mPEG
at 3.3 ppm and ring opened PDL at 4.8 ppm.
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between itraconazole and sunitinib. Celecoxib, indomethacin,
and itraconazole are predicted to be miscible in both the pure
PDL and the copolymer whereas sunitinib is predicted to be

completely miscible only in the copolymer. The other APIs
are predicted to be non-miscible or partially miscible (sorafenib
in the copolymer) in these polymers.

Table 1. The Hildebrand Solubility Parameter (δ) and Hildebrand distance (DH) calculated by MDS of PDL, mPEG-b-PDL and selected APIs.

Polymer/API Density
[g cm�3]

Heat of vaporization
[kcal mol�1]

Cohesive energy
[kcal mol�1]

Hildebrand solubility
parameter (δ) in MPa1/2

Hildebrand distance (DH) in MPa1/2

PDL and API mPEG-b-PDL and API

PDL 0.95 787.11 786.52 13.39 – –

mPEG-b-PDL 1.03 397.82 397.22 16.296 – –

Celecoxib 1.8 10.82 10.23 14.22 0.83 2.076

Indomethacin 1.69 14.10 13.51 16.34 2.95 0.044

Itraconazole 1.64 30.74 30.14 17.13 3.74 0.834

Sunitinib 1.11 41.17 40.57 21.74 8.35 5.444

Sorafenib 1.37 46.66 46.07 23.8 10.41 7.504

Furosemide 1.45 38.46 37.87 26.31 12.92 10.014

Methotrexate 1.25 67.28 66.68 27.69 14.3 11.394

Figure 2. Comparison of Hildebrand solubility parameter (δ) and Hildebrand distance (DH) calculated between PDL-API (top) and mPEG-b-PDL-API
(bottom). Bars correspond to the solubility parameter (δ) and lines to the distance (DH). The values on primary y-axis (left) and secondary y-axis (right)
represent δ andDH in MPa½, respectively.DH¼ 7.0 MPa1/2 is considered as the upper limit for complete miscibility (shown as red dashed line in graphs).
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The polymer chain analysis of both PDL and mPEG-b-PDL
was performed from the MDS trajectory where the properties
such as persistence length and radius of gyration were evaluated.
Persistence length is a basic mechanical property of the polymer
that can be used to distinguish between polymers that behave like
a flexible or a rigid rod. The end-to-end distance was calculated
for each chain in each trajectory frame, and the values were
averaged over the entire trajectory (Figures 3 and 4).

Radius of gyration (Rg) measures the size of the randomly
coiled polymer; the smaller the radius, the more compact the
polymer shape. The distributions of the PDL and mPEG-b-
PDL polymers’ radii of gyration as obtained from the MD trajec-
tory analysis are shown in Figure 5.

The results of the polymer chain analysis suggest that copoly-
merization increases the overall flexibility as observed by the
reduction in persistence length and radius of gyration for
mPEG-b-PDL. This can also be seen visually in the shape and
size of the simulated polymer (Figure 6).

2.3. Preparation and Characterization of PDL Nanoemulsion
using mPEG-b-PDL as Surfactant

The nanoemulsions were prepared via a low-energy nanopreci-
pitation method using PDL as oil and mPEG-b-PDL as surfac-
tant. In our previous study, we used 1:6 (PDL:Pluronic F-68)
weight ratio to prepare a nanoemulsion. Cytotoxicity studies

Figure 3. Polymer persistence length of PDL during a 100-ns MD simulation. A) The mean end-to-end distances over all polymer chains and the fre-
quencies of these chain lengths observed in the analyzed MD trajectory frames (total number of frames in 100 ns¼ 5000). b) The mean square internal
distance (<R2>/N) as a function of the number of bonds (N) in the PDL chain segment.

Figure 4. Polymer persistence length of mPEG-b-PDL during a 100-ns MD simulation. a) The mean end-to-end distances over all polymer chains and the
frequencies of these chain lengths observed in the analyzed MD trajectory frames (total number of frames in 100 ns¼ 5000). b) The mean square internal
distance (<R2>/N) as a function of the number of bonds (N) in the mPEG-b-PDL chain segment.
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performed on cell culture suggested that the higher concentra-
tion of Pluronic F-68 is responsible for the higher cell mortality.[5]

Thus, in this study, we aimed to use a minimum quantity of the
surfactant required to fabricate a stable emulsion with small size
and polydispersity (PdI). The 1:3 ratio of PDL:mPEG-b-PDL was
found to be the minimum ratio required for preparing a
nanoemulsion while Pluronic F-68 with the same ratio failed
to generate a stable nanoemulsion. This observation clearly
suggests that the superior ability of mPEG-b-PDL compared to
Pluronic F-68 to produce a stable emulsion owes to the higher
compatibility of mPEG-b-PDL with PDL.

Since surfactant mPEG-b-PDL is also capable of increasing the
aqueous solubility of poorly soluble drugs, mPEG-b-PDL
micelles were prepared for all tested APIs for comparison. We
determined the aqueous solubility of all the APIs via the shake
flask method and used those results to calculate the increment in
aqueous solubility of APIs with the aid of nanoemulsion or
micelle formulations. The results are presented in Figure 7
and as expected based on the MDS results, celecoxib gave the
highest increment in aqueous solubility �430-fold) while meth-
otrexate demonstrated the lowest increment (�10-fold). It was

also observed that the solubility increments for all drugs were
significantly higher in nanoemulsions than in micelles. Thus,
it can be inferred that the PDL polymer played a vital role in
encapsulation of the APIs. Despite the higher DH value differ-
ence between sunitinib and indomethacin or itraconazole, we
observed no significant differences in aqueous solubility
increment folds between these drugs especially in the case of
nanoemulsion. Although the DH value for sunitinib and PDL
is slightly over 7MPa1/2 it is still below 10Mpa1/2, which
indicates that sunitinib is not a poorly miscible drug with
PDL. In addition, the surfactant has a good miscibility with suni-
tinib (�5.5Mpa1/2).

Dynamic light scattering (DLS) technique was used to confirm
the size of the prepared emulsions and micellar formulations.
The Z-average size for all samples were below 200 nm, but we
observed the two peaks in the size distribution plot for all micel-
lar formulations and for poorly soluble drug formulations in case
of nanoemulsion (Figure 8). The second peak is most probably
representing the presence of aggregates in samples but in very
small quantity (less than 1% as determined by volume distribu-
tion plot), which furthermore disappeared when we converted

Figure 5. Radius of gyration for a) PDL polymer and b) mPEG-b-PDL copolymer calculated from theMD simulation trajectory. Frequency at y-axis refers to
the number of trajectory frames (the total number of frames is 5000, corresponding to a 100-ns simulation).

Figure 6. Snapshot of the last simulation frame from theMDS of 15 chains of 100-monomer long PDL polymer (left) and mPEG-b-PDL copolymer (right).
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the intensity distribution to volume distribution. The mean size
by intensity and polydispersity index of formulations are
presented in Table 2.

Interestingly, the aggregates peak vanished in the nanoemul-
sion formulations for those drug samples that demonstrate good
solubility with PDL but with an increment in the size. The incre-
ment in size is expected as the core is filled with PDL polymer. A
favorable interaction between drug, PDL, and stabilizer could be
attributed to the disappearance of the second peak (no aggrega-
tion). This result reveals that the compatibility between the
polymer, the drug, and the stabilizer have an impact on the size
of the resultant nanoformulation.

Since nanoemulsion formulations are usually stored in liquid
phase, estimation of stability of such formulations is an impor-
tant parameter. A quick stability test was performed by centrifug-
ing the formulation at 13 500 RPM for 30min followed by visual
inspection for any sign of separation/breaking. As shown in
Figure 9, no sign of emulsion breaking was observed suggesting
good formulation stability. Both nanoemulsion and micellar for-
mulations were then stored for three months at room tempera-
ture and analyzed for change in size and drug content every
month. As shown in Figure 10A and B, no significant difference
was observed in drug content (monitored by UV absorbance) for
any API formulation within 3months of storage at room
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Figure 8. Normalized size distribution by intensity of A) nanoemulsion and B) micelles of APIs determined by DLS in deionized H2O.

Table 2. Mean size (d.nm) by intensity for peaks 1 and 2 and PdI values with standard deviations for all APIs in nanoemulsions and micelles.

API Nanoemulsion Micelles

Peak 1 [�SD] Peak 2 [�SD] PdI [�SD] Peak 1 [�SD] Peak 2 [�SD] PdI [�SD]

Celecoxib 118.4 (6.12) – 0.25 (0.008) 47.58 (1.3) 569.2 (115.1) 0.244 (0.004)

Indomethacin 105.2 (0.87) – 0.177 (0.014) 49.45 (5.00) 3314.6 (1310.7) 0.267 (0.007)

Itraconazole 119.6 (4.46) – 0.248 (0.001) 61.86 (1.28) 4979.3 (284.3) 0.323 (0.005)

Sunitinib 73.69 (1.18) – 0.133 (0.016) 60.17 (3.36) 4757 (427) 0.247 (0.032)

Sorafenib 73.62 (1.04) 3283.7 (1056.1) 0.219 (0.006) 59.31 (0.95) 4589 (100.2) 0.219 (0.008)

Furosemide 63.38 (0.58) 4978.5 (20.51) 0.139 (0.006) 42.45 (2.72) 919.0 (58.05) 0.296 (0.019)

Methotrexate 81.13 (0.49) 3571 (128.7) 0.232 (0.019) 49.52 (3.48) 2371.3 (1089.5) 0.251 (0.013)
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Figure 7. Increment in the aqueous solubility (fold) of tested APIs using
PDL nanoemulsion and mPEG-b-PDL micelles. No significant difference
was observed between indomethacin, itraconazole and sunitinib when in
nanoemulsion as analyzed by two-way ANOVA with Sidak’s multiple
comparisons test.
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temperature. In terms of size, a slight increment in average size
was observed for some formulations but still the Z-average size

of micelles and nanoemulsion droplets was below 100 nm
(Figure 10C and D). The results suggest good stability of micelles
and ability to protect drug from degradation for at least 3months.

3. Conclusion

In this study, we have used an MDS-based computational
method to estimate the solubility/miscibility between APIs
and the carrier PDL polymer. Specifically, we used the
Hildebrand solubility parameter to predict the miscibility of
the drugs with PDL and the copolymer mPEG-b-PDL. In the
experimental evaluation, mPEG-b-PDL was used both as a sur-
factant in the nanoemulsions and independently as micelles.
The experimental results support our MDS findings as the incre-
ment in aqueous solubility of the drugs in PDL nanoemulsion or
mPEG-b-PDL micelles follows well the predicted miscibility
trend of the drugs in the polymers. Importantly, the PDL nano-
emulsions were successfully stabilized by employing mPEG-b-
PDL as a stabilizer at a low concentration compared to the com-
mercially available Pluronic F-68. Our findings also suggest that

Figure 9. Pictures of nanoemulsion and micelles containing celecoxib
A) before and B) after centrifugation at 13.5 k RPM for 30min. No breaking
was observed for the nanoemulsion sample.
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Figure 10. Changes in APIs UV absorbance loaded within A) nanoemulsion or B) micelles, and changes in Z-average size of C) nanoemulsion or
D) micelles, stored for 60 days at room temperature (n¼ 3).
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combining a homopolymer with a copolymer in designing nano-
formulations could lead to a high drug loading degree and reduce
the formation of aggregates. The formulations were found to be
stable for three months at room temperature. We thus conclude
that utilizing MDS could save enormous amounts of time in find-
ing the best combination of PDL and APIs to generate
efficient nanoformulations. The results may possibly be
expanded to other polymeric systems.

4. Experimental Section

Materials: Poly(ethylene glycol) methyl ether (mPEG, Mn¼ 5.0 KDa), δ-
decalactone (≥98%), 1,5,7-triazabicyclo [4.4.0]dec-5-ene (TBD) (98%),
and propargyl alcohol (99%) were purchased from Sigma Aldrich.
Indomethacin and furosemide were procured from Fagron Nordics
A/S, Copenhagen, Denmark. Dexamethasone (>99%) was purchased
from TCI, Tokyo, Japan. Methotrexate hydrate (≥98%) was obtained from
Sigma-Aldrich, United Kingdom. Sorafenib free base, sunitinib free base
and celecoxib (>99%) were purchased from LC Laboratories, Woburn,
USA. Itraconazole (PARAM012, unknown). Methanol for HPLC
(≥99.9%) and acetone for HPLC (≥99.8%) were purchased from
Sigma-Aldrich. Kolliphor P 188 (also known as Pluronic F-68) was
procured from BASF SE, Ludwigshafen, Germany.

Milli-Q water was house-made (Milli-Q Synthesis, Millipore, Molsheim,
France). The 0.2 μm polyethersulfone membrane filters and 0.45 μm poly-
propylene membrane filters were purchased from VWR (Puerto Rico and
China).

Nuclear Magnetic Resonance (NMR) Spectroscopy: The chemical struc-
ture of polymers was examined by proton nuclear magnetic resonance
(1 H-NMR) using a Bruker NMR 500MHz spectrometer (Bruker,
Coventry, United Kingdom). Deuterated chloroform (CDCl3) was used
as a solvent.

Particle Size and Surface Charge Analysis: Size and polydispersity index of
nanoemulsion and mPEG-b-PDL micelles were measured on a ZetaSizer
NanoZS (Malvern Instruments, UK). The light used by instrument is
sourced from Helium–Neon laser with wavelength of 633 nm. Samples
were diluted (50 μgmL�1) with MilliQ water and transferred into respec-
tive cuvettes for analysis. Measurements were performed at 25 �C, and
data analysis was carried out using the Malvern ZetaSizer software
version 7.12.

Ultraviolet-Visible (UV-Vis) Spectroscopy: NanoDrop 2000c spectropho-
tometer (Thermo Fisher Scientific, USA) was used to determine the
amount of drugs in the samples. The drug concentrations were calculated
using pre-prepared standard calibration curves in appropriate solvents
(Table 3). The nanoemulsions were diluted in the given solvent and
absorbances were recorded at pre-determined λmax.

Synthesis of Homopolymer PDL and Block Copolymer mPEG-b-PDL:
Polymers PDL and mPEG-b-PDL was synthesized according to the
reported method using organic catalyst through ring opening polymeriza-
tion (ROP) of monomer δ-decalactone in the absence of solvent utilizing

propargyl alcohol and mPEG5k as initiator. The synthesis and characteri-
zation data of homopolymer PDL was recently reported in one of our
previous publications, and the same polymer was used in this study
for the preparation of nanoemulsions. For the synthesis of block copoly-
mer mPEG-b-PDL, methoxyPEG (20.0 g, 4.0 mmol) and δ-decalactone
(44.2 g, 260.0 mmol) was heated to 40 �C under high vacuum and stirred
for 20 min, to remove the moisture traces. Next, vacuum was removed,
and nitrogen gas was introduced to the flask followed by addition of
TBD (0.9 g, 6.5mmol) and the mixture was stirred for 7 h at 50 �C under
inert atmosphere. As per HNMR, 88% of monomer is converted to the
polymer. The reaction mixture was then cooled, and benzoic acid
(2.5 g, 20.4 mmol) solution in acetone (5mL) was added to quench the
reaction followed by precipitation of polymer in cold methanol. Any resid-
ual solvent was removed in vacuum and the dry material was again dis-
solved in a minimum quantity of acetone followed by re-precipitated in
petroleum ether to remove any homopolymer. The precipitated polymer
was then dried in vacuum to yield the desired copolymer, which was sticky
white solid.

mPEG-b-PDL: 1HNMR (500MHz, CDCl3) δ (ppm) 4.88 (CH–O–CO,
m, 19H), 4.26–4.17 (CH2–O–CO, t, 2H), 3.85 – 3.47 (O–CH2–CH2–O,
m, 511 H), 3.39 (O–CH3, s, 3H), 2.42 – 2.23 (O–CO–CH2, m, 39 H),
1.81 – 1.41 (CH2–CH2–CH–CH2, m, 114H), 1.39–1.16 (CH2–CH3–
CH2–CH3, m, 118 H), 1.00 – 0.80 (CH2–CH3, t, 60 H).

Polymer Modeling: The structures of the initiator and terminator end
groups of polymers were sketched using the polymer builder tool of
Schrödinger’s Material Science suite release 2020-4 (Schrödinger, LLC,
New York, NY, 2020). To build a poly(decalactone) homopolymer, mono-
mers of lactone moieties were added. The length of the polymer was set to
100 monomers. The backbone dihedral angle was set to random. The
clashes between C—C and C—H atoms were avoided by specifying the
van der Waals scale factor of 0.50 with a random seeding option. For
preparing a mPEG-b-PDL co-polymer, homopolymers of both PDL and
PEG5000 were built separately as described for the plain PDL polymer.
The length of the PDL and PEG chains were 19 and 80 monomers.
The copolymerization was achieved by adding blocks of PDL and
PEG5000 alternately using the Co-polymer Builder utility of
Schrödinger’s Material Science suite.

Simulation System Preparation: To prepare a simulation system with a
set number of polymers and API molecules, the Disordered System
Builder panel of the Schrödinger Material Science suite was used. For
the plain polymer and co-polymer systems, a single chain of the polymer
or the copolymer was loaded in the workspace. The maximum number of
polymer chains in each system was 15. Each system had an initial density
of 0.5 g cm�3 and periodic boundary conditions (PBC) with an orthorhom-
bic unit cell were used for all simulations. The initial disordered system
was set to a “tangled chain” using the OPLS3e force field.[33] The 2D struc-
tures of the seven selected APIs with poor aqueous solubility
(<100 μg ml�1) were imported from the PubChem database[34] and
processed using the LigPrep tool of Schrödinger’s Maestro molecular
modelling suite. The structures were desalted and neutralized and
energy-minimized in the OPLS3e force field. For each drug molecule
the disordered simulation system was prepared as described for the
polymers except that the total number of API molecules was set to 300.

Molecular Dynamics Simulations: The polymer and the copolymer were
both submitted to a 100-ns MDS while the APIs were simulated for only
2 ns each. The simulation was performed using the multistage MDS work-
flow of Desmond (Schrödinger Release 2020-4: Desmond Molecular
Dynamics System, D. E. Shaw Research, New York, NY, USA, 2020.
Maestro-Desmond Interoperability Tools, Schrödinger, New York, NY,
USA, 2020),[35] consisting of a 3-stage material relaxation protocol fol-
lowed by the production MDS and analysis. Briefly, the material relaxation
protocol involved 20 ps of Brownian dynamics (BD) at 10 K to remove ste-
ric clashes, followed by a short BD simulation at 100 K with the NPT
ensemble and an anisotropic coupling scheme. In the final stage, a
100-ps MDS in the NPT ensemble was completed using anisotropic cou-
pling and a 2-fs time step. The production simulation was then performed
at 300 K and 1.01325 bar with the Nose-Hoover chain thermostat[36–38]

and barostat using the Martyna–Tobias–Klein method[39] with isotropic

Table 3. List of solvents and λmax used for the quantitative estimation of
drugs via UV-Visible spectroscopy.

S. No Drug Solvent λmax [nm]

1 Celecoxib Methanol 252

2 Indomethacin Water 318

3 Itraconazole Water 267

4 Sunitinib Water 423

5 Sorafenib Methanol 265

6 Furosemide Water 331

7 Methotrexate Methanol 265
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coupling. The Coulombic method used for long-range interactions was the
U-series[40] while the cut-off radius for short-range interactions was set to
9.0 Å. Various bulk properties derived from the simulation trajectories
included, for example, density, volume, heat of vaporization, cohesive
energy, and the Hildebrand solubility parameter and they were calculated
using the MDS trajectory analysis panel of the Schrödinger Material
Science suite and further analyzed in Microsoft Excel360.

Cohesive Energy: The cohesive energy (Ecoh) (Equation (1)) is the energy
of the cell (Ecell) divided by the number of molecules (N) in the cell, minus
the energy of a single molecule in the gas phase (Emol)

[41]

Ecoh ¼
Ecell
N

� �
� Emol (1)

Heat of Vaporization: The heat of vaporization (Equation (2)) is calcu-
lated from the energy of the periodic unit cell minus the sum of the N
individual molecules, Ei, averaged over the MDS trajectory, as[41]

ΔHv ¼ ðEcell � ΣiEiÞ þ RT (2)

Hildebrand Solubility Parameter for One Component

δ2 ¼ ðΔHv � RTÞ
Vm

¼ Ecoh
Vm

¼ Einter
Vm

(3)

Hildebrand solubility parameter is calculated with Equation (3), where
ΔHv is heat of vaporization, Vm is molar volume, RT is ideal gas PV term,
Ecoh is system cohesive energy, and Einter is intermolecular energy.

Hildebrand Distance (DH): The Hildebrand solubility utilizes a single
parameter, δ, defined as the square root of the cohesive energy density
(Ecoh/Vm, as shown in Equation (3)). The Hildebrand distance can be
calculated by Equation (4)

DH ¼ δ1 � δ2 (4)

where δ1 and δ2 are the solubility parameter values of substance 1
(polymer) and 2 (API). Short distance indicates miscibility while longer
suggests immiscibility.

The persistence length is calculated with the following expression

ðh2Þ ¼ 2LPLO½1� LPLOð1� exp� LOLPÞ� (5)

where h2 is the mean square end-to-end distance, LO is the extended chain
length, and LP is the persistence length. The end-to-end distance is calcu-
lated for each selected chain in each trajectory frame, and the values are
averaged over the entire trajectory. Higher persistence length signifies
stiffness while low value shows more flexibility.

Nanoemulsion Preparation and Characterization: Oil-in-water nanoemul-
sion was prepared by low-energy emulsification method called nanopre-
cipitation (also known as spontaneous emulsification) using PDL as oil
and mPEG5k-b-PDL3.2 k as surfactant. Briefly, the drug (5mg), PDL
(25mg) and mPEG5k-b-PDL3k surfactant (75mg) were dissolved in ace-
tone (1.5 ml) with the aid of vortex. This organic mixture was then added
dropwise into milli-Q water (5 ml) under stirring and left stirred for at least
3–6 h at room temperature to ensure the complete removal of organic
solvent (acetone).

Next, the nanoemulsion was centrifuged (Microcentrifuge Scanspeed,
Labogene, Lynge, Denmark) for 10min at 13 500 RPM to separate unen-
trapped drug and supernatant was filtered through a 0.45 μm polypropyl-
ene membrane filter. For comparison study, a similar solution was
prepared by using Pluronic F-68 (Kolliphor P 188) instead of in-house
made surfactant. Micelles of mPEG-b-PDL were prepared using the same
method but without using PDL polymer.

The drug loaded nanoemulsions/micelles were prepared using
celecoxib, indomethacin, itraconazole, sunitinib, sorafenib, furosemide,
and methotrexate. Due to light sensitivity, indomethacin, furosemide,
and methotrexate samples were protected from light.

The characterization of nanoemulsion was performed by different anal-
ysis methods. The droplet size of the emulsion was analyzed by DLS

(Zetasizer Nano—ZS, Malvern Instruments, Worcestershire, UK). The
samples were prepared by pipetting 10 μl of emulsion/micelles and
990 μl of milli-Q water. The drug content was estimated by using ultravio-
let-visible spectrophotometry (UV-Vis) after appropriate dilutions in water
or methanol. The concentrations were calculated by using
pre-prepared standard calibration curves.

Determination of Aqueous Solubility of Pure Drugs: The inherent water
solubilities of drugs were determined by shake flask method[42] with slight
modifications whereabout 2mg of drug is added to 2ml of water to
achieve the supersaturated solution. The samples were then stirred for
3 days followed by one day of equilibration at room temperature. At
day 4, samples were centrifuged at 13 500 RPM for 10min and superna-
tant was filtered through a 0.2 μm polyethersulfone membrane filter to
remove undissolved drug. The samples were then analyzed on UV-Vis
spectroscopy after appropriate dilutions in water. The concentrations were
calculated by using pre-prepared standard calibration curves in water.

Stability Studies: The stability was evaluated by high-speed centrifuga-
tion for 30min at 13 500 RPM of drug-loaded samples. Long-term stability
studies were performed by storing the filtered samples at room tempera-
ture (20� 2 �C) for 3 months. Samples were analyzed visually for separa-
tion, and for change in size change and drug content on day 30 and 60 via
DLS and UV-Vis spectroscopy, respectively.

Statistical Analysis: Statistical analysis was conducted by two-way
ANOVA with Sidak’s multiple comparisons test using P< 0.05 (95% con-
fidence interval) as a statistical significance threshold unless stated spe-
cifically. GraphPad Prism software (version 6) using n¼ 3 was used for all
statistical analysis. Statistical significance has been representing as
extremely significant (****, P< 0.0001), extremely significant (***,
P¼ 0.0001 to 0.001), very significant (**, P¼ 0.001 to 0.01), significant
(*, P¼ 0.01 to 0.05), and not significant (ns, P≥ 0.05). All experiments
were performed in triplicate and mean with standard deviation is reported.
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