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polymeric devices: simulation

and experimental
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The synthesis of polymeric nanoparticles (NPs) with efficient drug loading content and targeting
moieties is an attractive field and remains a challenge in drug delivery systems. Atomistic
investigations can provide an in-depth understanding of delivery devices and reduce the number of
expensive experiments. In this paper, we studied the self-assembly of poly (lactic-co-glycolic acid)-b-
poly (ethylene glycol) with different molecular weights and surface compositions. The innovation of
this molecular study is the loading of an antitumor drug (docetaxel) on a targeting ligand (riboflavin).
According to this work, a novel, biocompatible and targeted system for cancer treatment has been
developed. The obtained results revealed a correlation between polymer molecular weight and the
stability of particles. In this line, samples including 20 and 10 w/w% moiety NPs formed from polymers
with 3 and 4.5 kDa backbone sizes, respectively, are the stable models with the highest drug loading
and entrapment efficiencies. Next, we evaluated NP morphology and found that NPs have a core/
shell structure consisting of a hydrophobic core with a shell of poly (ethylene glycol) and riboflavin.
Interestingly, morphology assessments confirmed that the targeting moiety located on the surface
can improve drug delivery to receptors and cancerous cells. The developed models provided significant
insight into the structure and morphology of NPs before the synthesis and further analysis of NPs in
biological environments. However, in the best cases of this system, Dynamic Light Scattering (DLS)
tests were also taken and the results were consistent with the results obtained from All Atom and
Coarse Grained simulations.

In the last few decades, polymeric (micro- and nano) particles have attracted attention in biomedical applications
due to their tunable properties'~. They possess a wide range of advantages, such as biocompatibility, biodeg-
radability, controlled release, and targeted particles. Among numerous polymers, poly (lactic-co-glycolic acid)
(PLGA) is well known for its properties owing to its constituents: lactic acid (LA) and glycolic acid (GA), which
are hydrophilic and hydrophobic parts, respectively*. Various drug delivery systems based on this polymer have
been approved by the FDA, and others are in (pre)clinical trials to enter the market>*~”.

A large number of experimental analyses have been performed to produce successful NPs for drug delivery
applications. However, there is still ambiguity and a lack of information on the interactions of polymer chains
with each other (within the structure), with surrounding environments, and finally with the target organ tis-
sues. Progress in the synthesis of successful nanoparticles (NPs) relies on developing an accurate method for the
design of these submicron drug delivery systems. At the moment, simulation approaches are extremely useful
for performance evaluation of materials and also for prediction of desired properties in various engineering
issues. Additionally, simulations suggest an accurate description of the mechanisms behind many phenomena,
which is relatively difficult to explain by experiment outcomes. Also, employing mathematical models prior to
conducting experimental evaluations not only reduces the cost of assessment but also eliminates the need for
needless analysis, which basically takes a lot of time. Finally, it is undeniable that simulation techniques assist in
minimizing the health hazards associated with working with potentially harmful chemicals®®.

To date, researchers have reported various aspects of polymeric NP interactions with biological membranes!',
drugs'!%, peptides'*'®, BSA®, and proteins'”. Among different agents, polymer-drug interactions, especially anti-
cancer drugs, have attracted attention recently'"!®. For instance, Razmimanesh and her colleagues investigated the
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loading efficiency of chitosan for gemcitabine (chemotherapeutic) and found that the maximum loading of the
drug occurred at 40% of the drug concentration, and in the absence of water molecules, the drug molecules were
located at a shorter distance from chitosan, which led to higher drug loading efficiencies'. In another study, the
interaction of poly(acrylic acid) with doxorubicin (DOX) was investigated at various pH values as model gastric
and intestinal fluids. The results showed that the diffusion coefficient of DOX decreases with an increase in pH
due to an increase in the ionic complexation of polymers with DOX. Karatas et al. illustrated that a combination
of PLGA with montmorillonite (MMN) could serve as a nanoscale delivery system for curcumin (an anticancer
drug)®. The results revealed that without MMT, PLGA encapsulates curcumin; however, the presence of MMT
improves drug release due to the increased diffusion rate.

However, there are a few reports on simulated PLGA-PEG combinations, which are very common in experi-
mental assessments due to their properties as a result of a combination of hydrophobic and hydrophilic parts.
For example, Jafari et al. considered the influence of PEG chains in various combinations with PLGA polymers
on the stability and aggregation behavior of micelles?!. Their results revealed that regardless of the sequence of
polymers, the aggregation behavior of the micelles had no significant change. In another study, MD investigation
of PLGA-PEG NPs loaded with a hydrophobic model drug (itraconazole) explained the experimentally observed
low drug loading content®. Interestingly, it was shown that the phenomena are due to the positioning of the drug
in the water-nanoparticle interfaces because of unfavorable interactions of the drug and hydrophobic PLGA core.

Our recent work addresses the impact of both polymers and targeting ligands on NP properties®. In this
paper, we optimized the ligand (riboflavin or vitamin B2, RF) density on polymeric nanoparticles to achieve a
stable structure. Outstandingly, the calculated gyration radius (R,) verified the trend observed in the experimen-
tally measured hydrodynamic diameter (Dy) size of nanoparticles. The results confirmed that as the minimum
size of R, and Dy; occurred in the 20 and 10 wt% PLGA-PEG-RF polymer chains in the nanoparticles, these
compositions formed the most stable particles for PLGA 3 p,-PEG, p, and PLGA , 5 p,-PEG; yp,, respectively.
The accuracy of the simulations encouraged us to predict the interaction of the anticancer drug with designed
polymeric NPs. As a follow-up study, docetaxel (DTX) and 4 another drugs compared was introduced as a
model chemotherapeutic to the polymeric solution before nanoprecipitation to mimic the real drug loading
process. This study contain All Atom and Coarse Grained simulations and Dynamic Light Scattering (DLS) and
Zeta Potential Experimental tests for different drugs at the best concentration and all of the result show the best
stability of the DTX drug.

Material and methods
Polymer designation. The polymers used in the current simulations are based on previous experimental
and computational approaches. In brief, polymers are designed as nonconjugated (PLGA-PEG) and RF-con-
jugated (PLGA-PEG-RF) polymers with different molecular weights (see detail of polymers structures in the
reference®*). For each simulation case, a simulation box includes a combination of the PLGA-PEG-RF and one
of the PLGA-PEG strands to investigate the influence of the moiety on the physicochemical properties of NPs.
It is worth mentioning that chains have different repeating units. In more detail, the repeating unit of the
PLGA segment of the PLGA, 5 \p..peg2 kpa chain consists of two lactic acids with one glycolic acid. However,
PLGA;p.-PEG; 4 1po-RF and PLGA;;p,-PEG,p, have one glycolic unit that respected each lactide unit. The
polymers are designed due to their real structures that have been used in the experimental environment.

Simulation parameters. We designed molecular dynamics-based systems to simulate the real self-assem-
bly process using GROMACS software. The simulation approach has been described in more detail previously®.
The structures of docetaxel, PLGA-PEG, and PLGA-PEG-RF were constructed using Quantum espresso soft-
ware. The polymer chains had 20, 26, and 30 nm lengths for PLGA;,p,-PEGyp., PLGA 5 1p,-PEGyp,, and
PLGAsp,-PEG; 4 1p.-RE respectively.

Afterward, the chains were sequentially optimized using Avogadro and HyperChem software’s UFF and
OPLS-AA force fields. In the next step, optimizations were carried out using Quantum espresso software with the
ONIOM method, which includes three layers: high (b3lyp and basis set 6-31+ + G (d,p)), medium (b3lyp and
basis set sto-3 g), and low (of PM6). All three layers contain DFT and semiempirical computational algorithms.
At the main optimization step, we used GROMACS 2019.3 (OPLS-AA force field***) in the EM (10 kJ/mol/nm
minimum force), NVT (500 ps), NPT (500 ps), and then MD (100 ns) simulations in 2 fs time steps. All cases
with varying numbers of PLGA-PEG:PLGA-PEG-RF polymer strands contained 30,600 water molecules (SPC/E
water model) in boxes of 3 x 3 x 30 nm?>.

Simulations were accomplished to form NPs from copolymers in a cubic box with 8 and 8.5 nm lengths for
PLGA;,p,-PEGyyp, and PLGA 5 p,-PEGy;p,, respectively, to keep the polymer concentration at 10 mg/ml. To
achieve a constant drug concentration in both cases, 3 mg/ml, 9, and 12 DTX molecules were added to the simula-
tion boxes based on p; G 3 kpa-PEG2 kDa and PLGA 4.5 kDa-PEG2 kDa» LESPectively. The cut-off radius was adjusted to 1.4 nm
for the van der Waals and Colomb interactions. We used the Colomb energy algorithm, particle mesh Ewald
(PME). The MD simulation step was carried out with the isotropic Parrinello-Rahman algorithm?® at 1 bar and
with a nose hoover (velocity-scaling algorithm in NVT and NPT) at 300 K. The constraint algorithm was based
on the LINCS algorithm used only for hydrogen bonds**>*’. The partial atomic charges of the structures are
calculated using the same force field (Fig. S1 and Table S1). Copolymers equilibrated in a simulation cubic box
with 8 and 8.5 nm lengths for PLGA 3 kDa-PEG2 kDa and PLGA 4.5 kDa-PEG2 kDa, respectively, to keep the
concentration at 10 mg/ml. All optimizations were carried out in 100 ns (or 5 x 107 numbers of 2-fs time steps)
at 300 k. The assembly of the ten polymers was simulated in similar boxes with a course of 100 ns?*%.

All atom simulations for different drugs done at the optimum state of PLGA-PEG-Rf concentration that
is 20%. These simulations repeated like another all atom simulations and the drugs Parametricized like DTX

Scientific Reports |

(2022) 12:5119 | https://doi.org/10.1038/s41598-022-09164-2 nature portfolio



www.nature.com/scientificreports/

parametrization. And Coarse Grained simulations repeated for 3 best drugs at 1100 ns and 20 fs time steps with
Martini ff. parametrization of polymers and drugs was manualy and was according to the Martini fF article®.

Calculation of drug loading and encapsulation efficiency. We determined the drug loading and
encapsulation efficiency (EE) in the NPs. Drug loading is defined as the total mass of drugs in the total mass of
NPs. The EE (%) is also defined as the final amount of drug present in the formed NPs with respect to the initial
amount of drug used for studies:

total mass of drug in nanoparticle

drug loading (%) = x 100 (1)

total mass of nanoparticle

EE(%) = total mass of drug entrapped in nanoparticle

x 100
Initial mass of drugs used in simulation @

Gibbs free energy calculation. The Umbrella sampling technique was used for the Gibbs free energy
calculations. Umbrella simulation input structures are NPs formed at the output of the MD simulation. This
method was performed for all PP:PPR ratios, including two simulation steps. First, pull code was used to sepa-
rate one of the 10 polymers from aggregation. In the second step, 100 configurations are extracted from pull
code simulation. For each configuration, 1 ns simulation is performed. After applying pull code for the poly-
mer strand, it restrained at increasing center-of-mass (COM) distance from polymer strands, leading to the
generation of various configurations for each location. The PMF curve is extracted in the restraint stage using
the polymer strand positions to the COM. In other words, the integration of PMF corresponds to the series of
configurations. Finally, Gibbs free energy is obtained by WHAM?"* analyses on all configurations. The WHAM
analysis method is a very powerful technique based on estimating the statistical uncertainty of the probability
distribution provided by the umbrella method®***. As a result, the smallest uncertainty can be computed by
the PMF results. The dimensions of the simulation box are 10x 10 x 30. Energy minimization is applied to the
NPs, and then NPT equilibrium is performed on the molecules. The temperature and pressure algorithms are
Berendsen®. The temperature and pressure algorithms are Nose-Hoover and Parrinello-Rahman, respectively.
Finally, the Gibbs free energy for each simulation was calculated by WHAM analysis of the 100 configurations.

Experimental method. Dynamic light scattering analysis (DLS) was done, by a VASCO Cordouan Tech-
nologies, to measure nanoparticles size distribution. More ever, SZ-100 HORIBA Zeta Potential analyzer was
employed to check stability.

Experimental validation. In a molecular dynamics simulation system, if an experimental test or another
simulation can be produced with a similar force field and simulation method, it can be said that that force field
and that method are intended for materials and nanostructures, It is valid and trusted.

In this regard, five experimental simulation systems were produced by the method and force field presented in
the methodology section and presented in Fig. 2. Figure 21 is from an article presented in the journal RSC*, in
which the nanoparticle size with different percentages of PLGA-PEG-Rf polymer concentration was investigated
during 6 different simulations and the exact same trend reported in the diagram was obtained. This simulation
is from the Fig. 5-ci diagram in an article by Rezvantalab et al. In this simulation, polymers with longer chain
lengths, namely PLGA 5 ,p,-PEG; p, Were used.

In (Fig. 2I1), which is related to an ACS paper?®, the size of nanoparticles of experimental work in Fig. 6 was
modeled from the paper of rezvantalab et al. By simulation work. Is modeled, namely PLGA ;p,-PEG, p,. The
size data of the synthesized nanoparticles were completely consistent with the data obtained from the analysis
of the gyration radius.

The third validation is shown in (Fig. 2I11)*’, from the journal Teylor and Francis. In this paper, Khaledi et al.
Examine the PLGA-PEG-PLGA and 5-Fluorouracil and Chrysin polymer delivery drag. Figure 4-b This paper
examines the percentage of Chrysin release at different temperatures and pHs. This study has been calculated
at different times, but from 60 to 100 h the release percentage has been stable. The final stabilized value of this
percentage of release was after 100 h, and in the simulation performed, the percentage of release was com-
pared with this final value. Finally, the data obtained from the simulation and experimental test were very well
matched, and both sets of data went through the same process with very good accuracy, which is a validation
of the method and force field used in this paper. The release of drugs percents in simulation and experiment
systems, computed by Eq. (3).

Release of drugs(%) = 1 — drug loading (%) (3)

In Fig. 21V, the DLS sizes shown in Fig. 7 of Lopez-cano et al’s paper are modeled using this method and force
field. This article, which is an MDPI article®, deals with the treatment of retinal degenerative diseases with the
help of PLGA-PEG-PLGA hydrogel. In Fig. 7 of this paper, the size of micelles with different concentrations of
DX, Idebenone, TPGS and KT were measured by the DLS experimental tests and compared with the simula-
tion data. A very similar process to the data shows that the simulation method and the force field used are very
suitable for this type of polymer.

Figure 2V of the paper also compares the size of PLGA-PEG and PLGA-PEG-VB12 micelles in both experi-
mental and simulation modes. These tests are presented in Fig. 1b of Elsevier’s article®, published by Chen
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Figure 1. Model of experimental validations. (I) and (II) Comparison of simulation data and laboratory data
obtained from Dynamic Light Scattering (DLS) test for simulations of polymers with PLGA 4 5,p,-PEG, p, and
PLGA ;3,p,-PEG,; p, chains, respectively. Which have been published in RSC and ACS journals, respectively.
(ITI) This graph is also a comparison of the release rates for PLGA-PEG-PLGA nanostructures and Chrysin drug
at the different Temprature and pH, which is the subject of an article in the journal Teylor and Francis. This data
is also compared in both simulation and experimental modes. (IV) These data are also related to the comparison
of simulation data and DLS experiment tests for PLGA-PEG-PLGA hydrogels and different concentrations of
DX, Idebenone, TPGS and KT drugs, which was published in the journal MDPI. (V) This sample is also related
to the comparison of the size of micelles obtained from DLS experimental tests and simulations performed. In
these two simulations, the size of PLGA-PEG and PLGA-PEG-VBI12 micelles are compared.

et al. In this paper, the DLS sizes have a very good similarity with the gyration radius in the simulation, which
is quite noticeable in (Fig. 2V) The ligand used in this article and the ligand used in this article are both from
the B vitamin family.

In general, according to these studies and due to the same process of data obtained from laboratory tests and
simulations, it can be easily concluded that this simulation method and this field of force are very suitable for
polymers and materials used. And the data reported from this simulation in this article are completely valid data.
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Figure 2. Graphical presentation of simulations; (I) Structure of docetaxel, PLGA-PEG, and PLGA-PEG-RF
(Nitrogen in the structure is blue, Carbon is silver, Oxygen ins red and Hydrogen is white). (II) Drug-loaded
RF-conjugated NPs formed within a 100 ns timespan at different PP:PPR ratios. PLGA-PEG, PLGA-PEG-RE,
and drug molecules are represented in gray, yellow, and red, respectively.

Results

In our previous paper®*, we showed that for two polymers with different molecular weights, the stability of the
NPs is different and achieved in different PP:PPR (PLGA-PEG:PLGA-PEG-RF) ratios (Fig. 2I and II). For the
main polymer in the NPs with two PLGA molecular weights (3 and 4.5 kDa), the PEG chain molecular weight
was considered to be 2 kDa, since it was shown that PEG chains with 2 kDa are the most efficient chain length in
the interaction with cells and targeting the receptors*. To participate in 10 mg/ml polymer chains with 3 mg/ml
drug in water, 10 polymer chains were added to the simulation box. However, polymers have various molecular
weights, which leads us to use simulation boxes of different sizes. Moreover, to keep the drug concentration
at 3 mg/ml in both cases, varying numbers of DTX molecules were incorporated. For PLGA;p,-PEGjp, and
PLGA, 5 tpa-PEG,ip, simulations, the proper number of anticancer molecules, 9 and 12 DTX molecules, are
used, respectively. It is worth mentioning that simulations are carried out in the presence of water molecules
to mimic nanoprecipitation under real conditions. The videos attached as supplementary material display the
nanoprecipitation process and location of drugs and polymers in the final NP structures.

Stability of NPs. The results obtained in the simulation set display a similar trend to the results of our
last article, which further confirms the previous results. Figure 31 reveals the final radius of gyration (R,) of
the NPs based on both polymer chains. The minimum of the plots occurs in the same compositions that were
previously detected as the stable compositions of the RF-conjugated NPs. In more detail, using only 2 (out of
ten total polymers) RF-containing chains in the composition of NPs based on PLGA,p,-PEGy;p, provides the
smallest (2.85 nm) particle among its peers. Moreover, it is the smallest of all samples, whereas the other sets
of NPs based on PLGA, 5 ;p,-PEG,p, have the smallest (3.15 nm) sample at PP:PPR 9:1 ratio. We can con-
tribute to the observed outcome of the nature of polymers since the PLGA, 5 \pa.pec2 o Chains have a larger
and higher number of repeating units. Additionally, to keep the same drug concentration for both categories
in the simulation of the assembly process, we used 3 more DTX molecules in comparison with the particles
based on the PLGA;p,-PEGyp, NPs. All mentioned reseasons add up to the final R, values that are larger for
PLGA, 5 pa-pEG2 kDa. Dased assemblies.

In the following step, we compared the Rg oscillations for both detected minimum samples to consider the
effect of drug molecules. Figure 3II demonstrates the range of oscillations with and without anticancer agents
in the NP compositions. However, for unloaded NPs based on p; 4 3 kpa-pEc2 kpa 2t PP:PPR 8:2, the final R, was
smaller (2.50 nm). However, its fluctuations during the simulation reveal that the loaded particle is more stable.
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Figure 3. Gyration radius of nanoparticles. (I) Final R, of NPs based on PLGA3 kDa-PEG2 kDa and from
PLGA4.5 kDa-PEG2 kDa in the combination with varying ratios of PLGA4.5 kDa-PEG2 kDa-RF in the
composition. As is clear, stability changes depending on the molecular composition of repeating monomers in
the structure of the basic polymer strand. (IT) The addition of DTX molecules to the NPs affects the fluctuations
of NPs during assembly. (ITI) and (IV) R, fluctuations for drug-loaded RF-conjugated NPs vs. time reveals the
stability and lower range of variations.

A similar explanation is valid for the DTX-loaded particles based on p;ga 45 kpa-pEG2 kDo Fig- S2 represents the
fluctuations of R, for both sets of NPs over the course of the simulation.

To avoid cluttered diagrams, we present only a few samples for each category, but the rest also have similar
trends. For the smaller polymer (Fig. 31II), in the case of a PP:PPR ratio of 8:2, R, has an initial value of approxi-
mately 3.4 nm, which increases up to 3.8 nm during NP formation and finally drops to approximately 2.8 nm.
Although the other two samples also fluctuate during nanoprecipitation, samples 9:1 and 7:3 start at 3.41 and
3.27 nm, respectively, and end up at even higher values (3.6 nm and 3.4, respectively). This confirms that the 8:2
sample reaches stability by the end of the simulation. A similar trend is also observed for PLGA, 5 \p.-PEG,ipa
(Fig. 31V). The 9:1 system’s R, decreases to 0.5 nm less than the initial value (3.65 nm), while for the 10:0 sample,
wne final Rg value is higher than the initial value, and the 8:2 sample has almost the same R, amount as the starting
point. Remarkably, the results confirm the stability obtained previously.

To better assess NP stability, it is important to consider the strength of intramolecular interactions. The total
energy of a system is equal to the bonded energies plus nonbond energies''. Nonbonded energies are equal to the
sum of the van der Waals (vdW), electrostatic interactions, and hydrogen bond energy. Therefore, it can be said
that the total enthalpy changes for our systems (in which there is no bonded interaction) are equal to the sum
of the changes of the vdW, electrostatic, and hydrogen bonds. The energy of vdW and electrostatic interactions
is calculated via the Lennard-Jones equation and Colon law, respectively. The total energy is the sum of both of
them that are dominant in the self-assembly process*"*2,

Due to the different number and composition of repeating units in utilized polymer strands, the calculated
energies of simulations are different. Although all simulated cases contain ten copolymer chains, due to the longer
chain of PLGA-PEG-RF, more RF-conjugated polymer in the composition results in a higher energy level. To
avoid the misinterpretation of the results, we normalized the results regarding the atom numbers. Figure 41 and
II demonstrate the results of the computation. In an attempt to provide clear plots and easy-to-understand, in
each category, three analyses are presented. The plots reveal the energy of p; 3 kDa-PEG2 kDa and PLGA 4.5 kDa-PEG2 kDa
polymers at PP:PPR ratios of 8:2 and 9:1, respectively, reaching the maximum attraction energy, which indicates
that at these densities, NP adsorption is higher than that of their peers in each group. It is worth mentioning that,
as in other reports?® on the self-assembly of PLGA-based NPs, vdW interactions are the dominant interactions.
It can be concluded that the vdW interactions are responsible for the attraction and, consequently, the shrinkage
of Rg at 20% and 10% RF-conjugated NPs.

Gibbs free energy is the absolute criterion for the determination of stability. In this line, we performed Gibbs
free energy calculations using the Umbrella sampling technique to provide reliable and precise evidence of stabil-
ity. Figure 4111 shows the results of Gibbs free energy calculations for NPs with and without DTX molecules. Both
dotted lines represent the cases without drugs. As previously stated in Fig. 311, R, fluctuations in a broad range
of unloaded samples show instability. Here, Fig. 4III demonstrates that drug contents pull down the energy level
of particles and improve their stability. The minimum free energy occurs in the same cases for each category. In
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Figure 4. Energy assessment of simulations. (I) and (II) Formation enthalpy of particles based on

PLGA-3 kDa-PEG2 kDa and PLGA—4.5 kDa-PEG2 kDa, respectively. It is obvious that for both sets of NPs,
the vdW interaction is the dominant interaction in the assembly of polymers and drugs. (III) absolute criteria
of stability based on Gibbs free energy. Drug loading into NPs lowers the Gibbs energy level, which means that
particles are more stable.

other words, drug content improves the stability of particles; however, the most stable NPs have the same amount
of RF-conjugated polymers as without drugs.

From Gibbs free energy calculations, it can be observed that RF-conjugated NPs based on p; g 3 kpa-peG2 kpa 31€
more stable than PLGA 4.5 kDa-PEG2 kDa-based particles. For instance, at a PP:PPR 8:2 ratio, the free Gibbs
free energy level is — 14.35 kcal/mole for the PLGA3p,-PEGy,p, based particle. On the other hand, with the same
PP:PPR ratio based on PLGA, 5 p,-PEGy;p, the energy level rises up to — 7.44 kcal/mole.

Nanoparticles morphology. The main aim of the current study was to investigate drug loading in ribofla-
vin-conjugated NPs using simulation-based methods. After evaluation of the stability of the sample and detec-
tion of stable samples, in the next step, we assessed the drug loading and entrapment results (Table 1). First, we
noticed that some drug molecules were encapsulated by the PLGA core of the NPs. However, there are few DTXs
in the vicinity of NPs with water molecules. It was shown in PLGA-based NPs that drugs are mostly located at
the interface of polymeric NPs with water??. We also perceived DTX molecules in the NP vicinity as entrapped
drugs. In this line, for PLGA;p,-PEGy;p, although sample 8:2 has 5 drug molecules in the center of particle
mass, considering drug molecules in the district of the shell (Fig. 5), in total it has the highest drug loading and
entrapment efficiency. In other words, samples 8:2 and 7:3 have similar EE (%), but considering drug loading
results, it can be concluded that the 8:2 composition (as the most stable case) has the highest drug loading and
encapsulation efficiencies. Similar outcomes were observed for the NPs based on the PLGA 5 p,-peg2 kpa POLY-
mer. This means that the detected stable sample has the highest drug loading and encapsulation efficiencies.

Polymeric NPs prepared from variable ratios of p;ga s kpa-peG 3.4 kpa @1d PLGA 5 1pa-pEG 2 kpa ls0 displayed
interesting results. All have the same number of drugs in the center of mass, and with the same reasoning, EE
efficiency surges to the highest amount in the 9:1 proportion of nontargeted and targeted polymers. Among
all other samples, PP:PPR 10:0 for PLGA, 5 \pa.pec2 kpa Showed the lowest drug content. The same hydrophobic
interactions are the main cause of improved EE efficiency. With another 10% increase in the PLGA-PEG-RF
content, longer PEG chains are present on the surface, which can interrupt hydrophobic interactions and cause
areduction in the drug upload in the micelle. Close inspection of NPs with surrounding water reveals that NPs
are hydrophobic and that all water molecules are located outside of the total mass (Fig. S3). Furthermore, DTX
molecules have more interactions with nontargeted molecules, and most of them are entrapped among PLGA-
PEG chains.

The radial distribution function (RDF) of polymer chains around the drug molecules is analysed and plotted
in Fig. 5. The interaction between DTX and polymer chains is illustrated by the peaks at approximately 1 nm
(Fig. 5) for all systems of p; a3 kpa.based NPs, with the highest peak for the 8:2 model. It can be concluded that
the strongest interaction between drugs and polymers belongs to the composition containing 20% of the targeted
polymer. The highest peak for the PLGA, 5,p, samples also occurred in the 9:1 model. Additionally, the height of
the peaks increases, and the position of the peaks moves nearly 1.25 for the larger polymer. Comparing results
declares that not only are 8:2 and 9:1 samples the stable models for PLGA 31, sng PLGA, 5 1pa, respectively, but
they also have the strongest interactions with drug molecules with higher entrapment efficiencies.
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Figure 5. Morphology of stable NPs. Radial distribution function (RDF) of NP around the drugs. (I) Radial
distribution function (RDF) of NP around the drugs for PLGA3p,,-PEG,,p, at the 8:2 ratio together with a
snapshot of the final particle verify the highest drug loading and encapsulation. with 5 antitumor molecules
in the mass and 3 on the surface. (II) RDF plot for the NPs based on PLGA, 5 p,-PEGp, declares the highest
polymer distribution around the DTX molecules at PP:PPR 9:1. A snapshot of the polymeric nanocarrier also
verifies the results. Notably, all RF-targeted polymer chains are located at the surface.

PLGA ;;p,-PEG,;p, samples | 7:3 8:2 9:1
Drug loading (%) 18.73 | 19.86 |18.99
Encapsulation efficiency (%) 77.78 |88.89 |88.89
PLGA, 5100 PEGyip, samples | 82 | 9:1 | 10:0
Drug loading (%) 22.53 |22.55 |21.29
Encapsulation efficiency (%) 75 91.67 |83.33

Table 1. Final results of drug entrapments in the simulated NPs.

Comparing of different drugs at the stable concentration. Al atom simulations (Comparing 5 drugs
at the 100 ns). In Fig. 6 of this paper, for the optimal state of PLGA-PEG-Rf polymer concentration, which
corresponds to the PLGA3p,-PEG,p, chain length with a concentration of 20% of PLGA-PEG-Rf polymer,
simulations with 5 different drugs are shown.

The drugs used were DTX, Paclitaxel (PAX), Doxorubicin (DOX), Curcumin (CUR) and temozolomide
(TMZ), respectively. These simulations have been investigated by Gibbs energy analysis, van der Waals and
electrostatic energy analysis, total energy analysis, and gyration radius difference analysis. Comparing all these
drugs, we can see that DTX is the best drug for nanocarriers. According to the general specifications presented
in Fig. $4, it is easy to understand that DTX drug, having the highest molecular weight compared to other drugs
and the high number of rings in its structure, forms a very large van der Waals formation compared to the other
4 compared drugs. After DTX drug, PAX has the best conditions among drugs.

This high amount of van der Waals energy causes the total energy between the nanocarriers and the drugs
to be higher for DTX, and therefore the drug has a more negative Gibbs energy, a larger radius difference and
stronger aggregation, and therefore more stable conditions for transmission. In the body.

Coarse grained simulations (Comparing 3 drugs at the 1100 ns).  For the 3 drugs with more stability (DTX, PAX
and DOX drugs), the Coarse Grained simulations were repeated over a longer period of time (1100 ns) and at
the best condition of nanocarrier concentration (concentration of 20% of PLGA-PEG-Rf polymer). The results,
which are quite similar to the All atom simulations of these drugs, are shown in Fig. 7.

Experimental
Zeta. Potential at the slipping/shear plane of a colloid particle moving under electric field, is Zeta potential
(ZP), also known as electrokinetic potential which is used to measure colloid stability. Volume of work that
needs to be done to bring a unit positive charge from infinity to the surface without any acceleration, is surface
electric potential. Zeta potential ranges are 10 to 20 mV (which is relatively stable), to 30 mV (which is moder-
ately stable) and > +30 mV (which is highly stable).

Van der Waals force is dependent on Hamaker constant which corresponds to the difference between dis-
persant and refractive index (RI) of the particle. Thus, if Hamaker constant is low, so that van der Waals forces
become low and then 10 to 15 mV (electrostatic repulsion reflected by low ZP) could be enough to name a
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DTX
¢
¢
Drugs DTX PAX DOX  Curcumin TMZ
Gibbs free energy (kcal/mole) -14.35 -12.83 -11.13 -9.41 -7.87
vdW Energy (kJ/mole.atom) -795.313  -649.802 -491.318  -293.411  -190.499
Electrostatics Energy (kJ/mole.atom) -186.495 -151.228 -252.812 -94.327 -158.564
Total Energy (kJ/mole.atom) -981.808 -801.03  -744.13 -387.738  -349.063
Radius of Gyration [initial value-final value] (nm) 2.85 1.58 1.15 0.62 0.31

T™™Z

Figure 6. In this figure has been shown Gibbs energy analysis, van der Waals and electrostatic energy analysis,
total energy analysis, and gyration radius difference analysis for the DTX, PAX, DOX, CUR and TMZ drugs
that simulaed in 20% cocentration of PLGA-PEG-Rf. These simualation are All atom simulations at 100 ns.
(Nitrogen in the structure is blue, Carbon is silver, Oxygen ins red and Hydrogen is white).

colloid “stable”. Figure 8 displays Zeta potential of the Drug samples. Zeta-Potential results of DTX sample with
—21.9 mV showed moderately stability. Also, PAX and DOX samples with — 19.3 mV, and — 15.4 mV showed
relatively stability.

DLS. Generally public size threshold of 1 to 100 nm will be assumed as nanomaterials though still nanoscale
materials should have at least one dimension <100 nm. Dynamic light scattering (DLS)—also known as quasi-
elastic light scattering or photon correlation spectroscopy have arisen as quiet top method to study hydrody-
namic size of nanoparticles. For DLS measurements, samples should be homogeneous. According to the number
curves, average particle size of samples is less than 50 nm. Figure 8 displays DLS of the Drug samples. DTX,
PAX, and DOX samples with ~ 11.75,~12.25, and ~ 13.50 average nanometer diameters were shown in number
curve plot.

Discussion

As previously mentioned, R, is an important factor in the evaluation of particle stability and represents the root-
mean-square distance of each nanoparticle to its center of mass. R, is the radius of accumulation resulting from
the accumulation of molecules. The stronger attraction energy between the molecules causes the molecules to
become closer to each other. The higher the energy of attraction between molecules, the lower the chance of
molecular aggregation due to external forces. Thus, the gyration radius can represent the energy intensity between
the molecules and the stability of the system. In this regard, Rg is calculated for all systems in the presence of
drug molecules, which are entrapped within polymer chains.

Assessment of the Gibbs free energy showed that NPs based on p; g4 3 kpa-peg2 kpa Nave a lower level of energy
(i.e., better stability). We can attribute the detected difference to the molecular structure of the repeating units
of both polymer strands. In other words, having more lactide in the composition leads to a higher content of the
methyl group in the chain structure. It results in the loss of flexibility that prevents molecules from attracting
each other due to steric hinderance®. The obtained results from simulations are in line with previous reports, in
which the ratio of lactic:glycolic acids tunes the performance of the polymer in vivo and in vitro*#**. It clearly
shows that a balance between hydrophobic and hydrophilic blocks in the polymers appears to be effective in the
stability of moiety-conjugated particles*®. Gibbs free energy assessment of the results with incorporated drug
molecules revealed that stable samples based on both polymers (PLGA 3p,-PEG,p, and PLGA 5 1 p.-PEGip,)
load more drug molecules in compared with the other counterparts. In line with previous studies, the vdW
interaction is the most dominant interaction in the formation of NPs and drug loadings. From the energy
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Figure 7. In this figure has been shown van der Waals and electrostatic energy analysis, total energy analysis,
and gyration radius difference initial and final point, gyration radius at the periodic of time and RMSD analysis
at the period of time for the Coarse Grained simulation at 1100 ns. (PLGA;,p,-PEGy;p, polymers in the
simulation pictures are silver, PLGA-PEG-Rf polymers are yellow, DTX drugs are red, PAX drugs are blue and
DOX drugs are green).

calculation point of view, the addition of drug molecules to the NPs improved their stability. However, stability
occurs at the same ratio of ligand-attached polymer in the composition, which was previously detected without
the presence of DTXs. The control samples (at PP:PPR 10:0) had larger Rg, higher energy levels, and lower drug
loading efficiency, which indicates that riboflavin on the surface of NPs improves the interaction between drugs
and NPs and stimulates more drug content in the particles.

The drug’s binding affinity to a particular biopolymer depends mainly on its hydrophobicity, physical interac-
tions, and molecular features*’. Our observations of the drug loading efficiency can be tied to the hydrophobic
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Figure 8. DLS testes and comparing with Simulation data for the 3 best drugs at the best concentration.

(I) Comparing Hydrodynamic diameter and final value of Gyration radius at All Atom and Coarse Grained
simulations (II) Zeta Potential of experimental data for the 3 best drugs at the best concentration. (IIT) and (IV)
DLS and Zeta Potential tests for 3 best drugs at the best concentration.

interactions of PLGA, RF, and DTX. The ligand and drugs are water-insoluble and hydrophobic. The more
hydrophobic ligands there are in the composition, the more drugs there are in the content of the final nanopar-
ticle. It should be mentioned that the moiety and RF-conjugated polymer chains are located on the surface of
NPs. As noted previously, at the ends of polymer chains, RF molecules bend toward the particle mass center, but
neighboring PEG chains prevent them from being completely confined to the mass. It is a valuable finding that
all the RF molecules used in the preparation of targeted particles are available to be used in the targeting cells.
Concludingly, NPs consist of a hydrophobic core of PLGA and entrapped DTX with a hydrophilic PEG shell
and RF ligand over the surface.

The present work explains a computer simulation method to evaluate the ability of polymeric nanoparticles
to incorporate poorly water-soluble antitumor agents without further need for time-consuming and expensive
experiments. In this paper, we have reported a molecular dynamics simulation approach to estimate the drug
entrapment efficiency of riboflavin-conjugated PLGA-based NPs with a PEG shell as well as the effect of the
moiety on the stability of particles. To the best of our knowledge, we report for the first time the NP drug loading
content with respect to the optimization of targeting ligand density.

Conclusion

From a bird’s eye view, we conclude that Rg can be used as a meaningful scale of stability without the need for
further costly computations. Similar trends in the Gibbs free energy diagrams and Rg plots were observed, as
the minimum of both occurred at the same compositions. Of course, we also used experimental tests to con-
firm the results of the simulation. We observed from the current report and our previous paper* that further
experimental and computational analysis with PLGA polymers with an equal content of lactic and glycolic acid
provides satisfactory results. Therefore, in future papers, we will use polymers with equal ratios of hydrophilic
and hydrophobic segments.

Received: 17 November 2021; Accepted: 16 March 2022
Published online: 24 March 2022

Scientific Reports |

(2022) 12:5119 | https://doi.org/10.1038/s41598-022-09164-2 nature portfolio



www.nature.com/scientificreports/

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Kamaly, N., Yameen, B., Wu, J. & Farokhzad, O. C. Degradable controlled-release polymers and polymeric nanoparticles: Mecha-
nisms of controlling drug release. Chem. Rev. 116(4), 2602-2663 (2016).

. Wen, H,, Jung, H. & Li, X. Drug delivery approaches in addressing clinical pharmacology-related issues: Opportunities and chal-

lenges. AAPS J. 17(6), 1327-1340 (2015).

. Gaudana, R, Ananthula, H. K, Parenky, A. & Mitra, A. K. Ocular drug delivery. AAPS J. 12(3), 348-360 (2010).
. Rezvantalab, S. et al. PLGA-based nanoparticles in cancer treatment. Front. Pharmacol. 9, 1048 (2018).
. Li, X. & Jiang, X. Microfluidics for producing poly (lactic-co-glycolic acid)-based pharmaceutical nanoparticles. Adv. Drug Deliv.

Rev. 128, 101-114 (2018).

. Rezvantalab, S. & Moraveji, M. K. Microfluidic assisted synthesis of PLGA drug delivery systems. RSC Adv. 9(4), 2055-2072 (2019).
. Kim, J., Ahn, S. I. & Kim, Y. Nanotherapeutics engineered to cross the blood-brain barrier for advanced drug delivery to the central

nervous system. J. Ind. Eng. Chem. 73, 8-18 (2019).

. Katiyar, R. S. & Jha, P. K. Molecular simulations in drug delivery: Opportunities and challenges. Comput. Mol. Sci. 8(4), e1358

(2018).

. Fahmy, T. M., Fong, P. M, Park, J., Constable, T. & Saltzman, W. M. Nanosystems for simultaneous imaging and drug delivery to

T cells. AAPS J. 9(2), E171-E180 (2007).

Ryckbosch, S. M., Wender, P. A. & Pande, V. S. Molecular dynamics simulations reveal ligand-controlled positioning of a peripheral
protein complex in membranes. Nat. Commun. 8(1), 6 (2017).

Huynh, L., Grant, J., Leroux, J.-C., Delmas, P. & Allen, C. Predicting the solubility of the anti-cancer agent docetaxel in small
molecule excipients using computational methods. Pharm. Res. 25(1), 147-157 (2008).

Long, C., Zhang, L. & Qian, Y. Mesoscale simulation of drug molecules distribution in the matrix of solid lipid microparticles
(SLM). Chem. Eng. J. 119(2-3), 99-106 (2006).

Razmimanesh, F, Amjad-Iranagh, S. & Modarress, H. Molecular dynamics simulation study of chitosan and gemcitabine as a drug
delivery system. J. Mol. Model. 21(7), 165 (2015).

Hamed, E., Xu, T. & Keten, S. Poly (ethylene glycol) conjugation stabilizes the secondary structure of a-helices by reducing peptide
solvent accessible surface area. Biomacromol 14(11), 4053-4060 (2013).

Hamed, E., Ma, D. & Keten, S. Effect of polymer conjugation site on stability and self-assembly of coiled coils. BioNanoScience.
5(3), 140-149 (2015).

Munasinghe, A., Mathavan, A., Mathavan, A., Lin, P. & Colina, C. M. Molecular insight into the protein-polymer interactions in
N-terminal PEGylated bovine serum albumin. J. Phys. Chem. B. 2,19 (2019).

Ramezanghorbani, F, Lin, P. & Colina, C. M. Optimizing protein-polymer interactions in a poly (ethylene glycol) coarse-grained
model. J. Phys. Chem. B 122(33), 7997-8005 (2018).

Costache, A. D., Sheihet, L., Zaveri, K., Knight, D. D. & Kohn, ]. Polymer—drug interactions in tyrosine-derived triblock copolymer
nanospheres: A computational modeling approach. Mol. Pharm. 6(5), 1620-1627 (2009).

Katiyar, R. S. & Jha, P. K. Molecular insights into the effects of media-drug and carrier-drug interactions on pH-responsive drug
carriers. Mol. Pharm. 15(6), 2479-2483 (2018).

Karatas, D., Tekin, A., Bahadori, E & Celik, M. Interaction of curcumin in a drug delivery system including a composite with poly
(lactic-co-glycolic acid) and montmorillonite: A density functional theory and molecular dynamics study. . Mater. Chem. B. 5(40),
8070-8082 (2017).

Jafari, M., Doustdar, F. & Mehrnejad, F. Molecular self-assembly strategy for encapsulation of an amphipathic a-helical antimi-
crobial peptide into the different polymeric and copolymeric nanoparticles. . Chem. Inf. Model. 59(1), 550-563 (2018).
Wilkosz, N. et al. Molecular insight into drug-loading capacity of PEG-PLGA nanoparticles for itraconazole. J. Phys. Chem. B
122(28), 7080-7090 (2018).

Rezvantalab, S., Moraveji, M., Khedri, M. & Maleki, R. An insight into the role of riboflavin ligand on the self-assembly of poly
(lactic-co-glycolic acid)-based nanoparticles, a molecular simulation and experimental approach. Soft Matter. 2, 20 (2020).
Rezvantalab, S., Moraveji, M. K., Khedri, M. & Maleki, R. An insight into the role of riboflavin ligand in the self-assembly of poly
(lactic-co-glycolic acid)-based nanoparticles—a molecular simulation and experimental approach. Soft Matter 16(22), 5250-5260
(2020).

Jorgensen, W. L., Maxwell, D. S. & Tirado-Rives, J. Development and testing of the OPLS all-atom force field on conformational
energetics and properties of organic liquids. J. Am. Chem. Soc. 118(45), 11225-11236 (1996).

Parrinello, M. & Rahman, A. Polymorphic transitions in single crystals: A new molecular dynamics method. J. Appl. Phys. 52(12),
7182-7190 (1981).

Wu, X. et al. Influence of fluorinated extractant aggregation in diluent on extraction of salicylic acid: Evidence from equilibrium,
SAXS and molecular dynamics simulation. J. Ind. Eng. Chem. 66, 168-175 (2018).

Khedri, M., Rezvantalab, S., Maleki, R. & Rezaei, N. Effect of ligand conjugation site on the micellization of bio-targeted PLGA-
based nanohybrids: A computational biology approach. J. Biomol. Struct. Dyn. 7, 1-10 (2020).

Maleki, R. et al. Simultaneous doxorubicin encapsulation and in-situ microfluidic micellization of bio-targeted polymeric nano-
hybrids using dichalcogenide monolayers: A molecular in-silico study. Mater. Today Commun. 26, 101948 (2011).

Marrink, S. J., Risselada, H. J., Yefimov, S., Tieleman, D. P. & De Vries, A. H. The MARTINI force field: Coarse grained model for
biomolecular simulations. J. Phys. Chem. B 111(27), 7812-7824 (2007).

Kumar, S., Rosenberg, J. M., Bouzida, D., Swendsen, R. H. & Kollman, P. A. The weighted histogram analysis method for free-energy
calculations on biomolecules. I. The method. J. Comput. Chem. 13(8), 1011-21 (1992).

Lemkul, J. A. & Bevan, D. R. Assessing the stability of Alzheimer’s amyloid protofibrils using molecular dynamics. J. Phys. Chem.
B 114(4), 1652-1660 (2010).

Hub, J. S., De Groot, B. L. & Van Der Spoel, D. g_wham a free weighted histogram analysis implementation including robust error
and autocorrelation estimates. . Chem. Theory Comput. 6(12), 3713-3720 (2010).

Souaille, M. & Roux, B. Extension to the weighted histogram analysis method: Combining umbrella sampling with free energy
calculations. Comput. Phys. Commun. 135(1), 40-57 (2001).

Berendsen, H. ], Jv, Postma, van Gunsteren, W. E, DiNola, A. & Haak, J. R. Molecular dynamics with coupling to an external bath.
J. Chem. Phys. 81(8), 3684-90 (1984).

Rezvantalab, S. et al. Experimental and computational study on the microfluidic control of micellar nanocarrier properties. ACS
Omega 6(36), 23117-23128 (2021).

Khaledi, S., Jafari, S., Hamidji, S., Molavi, O. & Davaran, S. Preparation and characterization of PLGA-PEG-PLGA polymeric
nanoparticles for co-delivery of 5-Fluorouracil and Chrysin. J. Biomater. Sci. Polym. Ed. 31(9), 1107-1126 (2020).

Lépez-Cano, J. J. et al. Thermo-responsive PLGA-PEG-PLGA hydrogels as novel injectable platforms for neuroprotective combined
therapies in the treatment of retinal degenerative diseases. Pharmaceutics. 13(2), 234 (2021).

Chen, Z. et al. Vitamin-B12-conjugated PLGA-PEG nanoparticles incorporating miR-532-3p induce mitochondrial damage by
targeting apoptosis repressor with caspase recruitment domain (ARC) on CD320-overexpressed gastric cancer. Mater. Sci. Eng.
C. 120, 111722 (2021).

Scientific Reports |

(2022) 12:5119 | https://doi.org/10.1038/s41598-022-09164-2 nature portfolio



www.nature.com/scientificreports/

40. Abstiens, K., Gregoritza, M. & Goepferich, A. M. Ligand density and linker length are critical factors for multivalent nanoparticle-
receptor interactions. ACS Appl. Mater. Interfaces. 11(1), 1311-1320 (2018).

41. Welsh, D. J., Posocco, P, Pricl, S. & Smith, D. K. Self-assembled multivalent RGD-peptide arrays—-morphological control and
integrin binding. Org. Biomol. Chem. 11(19), 3177-3186 (2013).

42. Fu, Q. et al. Growth mechanism deconvolution of self-limiting supraparticles based on microfluidic system. ACS Nano 9(1),
172-179 (2015).

43. Ansari, M., Moradi, S. & Shahlaei, M. A molecular dynamics simulation study on the mechanism of loading of gemcitabine and
camptothecin in poly lactic-co-glycolic acid as a nano drug delivery system. J. Mol. Liq. 269, 110-118 (2018).

44. Rafiei, P. & Haddadi, A. A robust systematic design: Optimization and preparation of polymeric nanoparticles of PLGA for doc-
etaxel intravenous delivery. Mater. Sci. Eng. C. 104, 109950 (2019).

45. Barati, D. et al. Spatiotemporal release of BMP-2 and VEGF enhances osteogenic and vasculogenic differentiation of human
mesenchymal stem cells and endothelial colony-forming cells co-encapsulated in a patterned hydrogel. J. Control. Release 223,
126-136 (2016).

46. Mackenzie, R., Booth, J., Alexander, C., Garnett, M. & Laughton, C. A. Multiscale modeling of drug-polymer nanoparticle assembly
identifies parameters influencing drug encapsulation efficiency. J. Chem. Theory Comput. 11(6), 2705-2713 (2015).

47. Gayathri, N. et al. Preparation, characterization, drug release and computational modelling studies of antibiotics loaded amorphous
chitin nanoparticles. Carbohyd. Polym. 177, 67-76 (2017).

Author contributions
M.K. Performed the whole research and wrote the article. M.K.M. supervised the whole project, designed the
research, developed the idea and edited the article.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-09164-2.

Correspondence and requests for materials should be addressed to M.K.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:5119 | https://doi.org/10.1038/s41598-022-09164-2 nature portfolio


https://doi.org/10.1038/s41598-022-09164-2
https://doi.org/10.1038/s41598-022-09164-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Biomolecular engineering of drugs loading in Riboflavin-targeted polymeric devices: simulation and experimental
	Material and methods
	Polymer designation. 
	Simulation parameters. 
	Calculation of drug loading and encapsulation efficiency. 
	Gibbs free energy calculation. 
	Experimental method. 
	Experimental validation. 

	Results
	Stability of NPs. 
	Nanoparticles morphology. 
	Comparing of different drugs at the stable concentration. 
	All atom simulations (Comparing 5 drugs at the 100 ns). 
	Coarse grained simulations (Comparing 3 drugs at the 1100 ns). 


	Experimental
	Zeta. 
	DLS. 

	Discussion
	Conclusion
	References


