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Abstract

Identifying the parameters that can impact the sorption of drugs to polymer ma-
terials is critical to design medical devices which would prevent drug loss by sorption.
We propose a combined approach based on advanced molecular simulations and liquid
chromatography experiments to investigate the adsorption of active pharmaceutical in-
gredients (API) onto plasticized PVC materials. The thermodynamic characterization
of the adsorption was carried out by the calculation of the Gibbs free energy profile
and the results were interpreted in the light of experiments. We provide a microscopic
description of the interfacial region formed by PVC chains, plasticizers, water and drug
molecules. The mobility of drugs on the PVC surfaces is correlated to the Gibbs free
energy of adsorption. We demonstrate the complementarity of our approach which

could guide future experiments and help the design of new medical devices.
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1 Introduction

Polyvinylchloride (PVC) is the world’s third-most widely produced thermoplastic material
after polyethylene (PE) and polypropylene (PP). Its worldwide production volume is ex-
pected to reach 60 million metric tons in 2025.' The fields of applications are numerous
and cover the following sectors such as construction, packaging, automotive, toys, footwear,
floorings and medical devices.? Light weight, softness, low manufacturing cost, transparency
and recyclability are interesting properties that explain its extensive use. In order to make
PVC adaptable to the final application by focusing on its flexibility, softness and brittleness,
PVC is then mixed with plasticizers up to a concentration of about 40% to the PVC material.
For information purposes, PVC consumes almost 90% of all the plasticizers of the market.3*
The most widely used type of plasticizers were phthalic acid esters known as phthalates and
di(ethylhexyl phthalate) (DEHP) was the earliest and widest plasticizer used with about
50% of the phthalate production.® However, this plasticizer was categorized in 2008 as CMR
1B (carcinogenic, mutagenic or toxic to reproduction)® and as an endocrine disruptor by the
European Chemical Agency.®

The issues of the potential toxicity and carcinogenic risks become particularly critical
when PVC material is used in medical devices (MD). The used of DEHP in PVC medical
devices is now restricted by the European Regulation N° 2017/245 on medical devices.”
Alternative plasticizers like diisononyl phtalate (DINP), di-(2-Ethylhexyl) phtalate (DEHT),
1,2-cyclohexane dicarboxylic acid diisononyl ester (DINCH) or tris(2-Ethylhexyl) trimellitate
(TOTM) have therefore been used in the manufacturing of MDs.®

Since the plasticizers are relatively small molecules which are not chemically bound to



the polymer matrix, they can interact in MDs both with the polymer matrix and the drug
solution. Two other phenomena known as leaching and sorption may compete each other and
lead to adverse effects for the patient. Leaching is defined by the migration of the plasticizer
into the drug solution whereas the sorption relates to the adsorption of the drug to the
polymer surface, absorption into the polymer matrix and permeation.?? ! The potential
adverse effects of leaching relates to the product’s safety through either the toxicity of the
leached substances or the degradation of some properties of the drug.'?"'® Sorption can
affect the efficacy and stability of a drug product via the loss of an important component,
such as an active pharmaceutical ingredient (API)'®!7 or an excipient!'® which leads to
ineffective drug responses after administration of injectable drugs and makes it difficult
to control the concentration of the delivered drug. Drug-polymer materials interactions

represent therefore a major issue for the pharmaceutical industry in the delivery of insulin !%-2

and other drugs. 19:11:15,21-25

A number of factors have been identified to impact on sorption:?® the physicochemi-
cal properties of the drug itself (lipophilicity, pKa, isoelectric point, steric hindrance, con-
centration), the excipient composition, infusing process (flowrate, medical devices length),

127,28

the physicochemical properties and chemical nature of the polymer materia such as

polyethylene (PE), poylethylene terephthalate (PET), polyamide (PA) and the nature and
amount of plasticizers.!%%2223 A number of experimental procedures? 1:21723:26.29.30 }haye
been developed to determine the drug concentration before/after passing through the medi-
cal devices by using High Performance Liquid Chromatography (HPLC) methods to quantify
the difference in drug quantities. Experimental procedures focusing on material analyses
have also been investigated as an alternative approach but they have not been yet able to
completely describe the molecular mechanisms involved in drug sorption to MDs.

A bottom-up approach from the chemical structures (drug, plasticizer and polymer ma-

terial) to the desired properties of the material in terms of deterioration, loss of additives and

drug sorption remains still a delicate matter. However, the progress made these last years



on molecular modeling now make it possible to rationalize the experimental observations.3!

The next step will be the development of novel plasticizers, excipients and polymer materials
that limit the adverse effects aforementioned from interactions at the atomic scale. Indeed,
molecular simulation is reaching a kind of maturity that allows it to use reliable and robust
interaction potentials often developed from experimental data in molecular dynamics and
Monte Carlo algorithms. The increase in computing power is at the origin of the production
of atomistic sophisticated configurations representative of the experimental sample in terms
of composition of the chemical species (polymers, drug, solvent, plasticizers). In addition,
the use of statistical mechanics and advanced methodologies such as the calculation of free
energy provides a direct route to obtain macroscopic properties of experimental interest
and to understand the molecular properties that drive the adsorption. A comprehensive
understanding of the drug adsorption on polymer material, currently leads us to combine
experimental and molecular modeling approaches to mutually enrich the macroscopic and
microscopic views of adsorption phenomena. This is exactly the approach we have proposed
in a recent study®' on materials without additives.

Indeed, we have shown?! that paracetamol does not show significant adsorption on PE
and unplasticized PVC materials with Gibbs free energies of adsorption less of than -25
kJ mol™! whereas diazepam adsorbs on PE with an free energy of adsorption of about -
35 kJ mol™!. No loss of diazepam was observed when it was contact with unplasticized
PVC tubings in line with a thermodynamic property of adsorption of about -20 kJ mol~*.
The combination of experiments and molecular simulations led us to establish a threshold
value of -30 kJ mol~! above which no drug loss was detected. Nevertheless, experimental

132 have shown that diazepam adsorbs onto plasticized PVC films in static and

studies
clinical conditions of drug uses. To better represent the clinical conditions, we performed
experimental studies in which diazepam and paracetamol were put in contact with different

tubings. The sorption involves two stages : adsorption then absorption.®? Adsorption is

the result of a weak interaction between the drug in solution and the PVC surface. This



phenomenon is faster and reversible compared to the absorption which corresponds to the
diffusion of the drug inside the material. Investigating the adsorption process is then required
before a study of the absorption. Additionally, the absorption of drugs into the material is not
always measurable®? and will require adapted methodologies and long simulation times that
remain inaccessible with an atomic description of the interactions. One alternative would be
to develop coarse-grained models in mesoscopic simulations to investigate the absorption at
longer time scales. This is outside the scope of this paper.

In this paper, we aim to address the question of the adsorption of two drugs (paracetamol
and diazepam) onto plasticized PVCs surfaces. In a first step, we develop HPLC experiments
to investigate the impact of the nature of the plasticizer on the adsorption of paracetamol
and diazepam onto plasticized PVC tubings. In a second step, we propose an interpretation
of the experimental results through the calculation of the Gibbs free energy profile of the
adsorption process. These calculations will inform about the strength of the interaction
between the drug and the PVC surface. We aim to correlate the loss by sorption of drugs
measured by HPLC with the Gibbs free energy of adsorption obtained by advanced molecular
simulations. In a third step, we will investigate the description of the interfacial region at
the atomic scale and the mobility of drugs onto the PVC surfaces. Combining experiments
and advanced molecular simulation approaches should allow a better understanding of the
molecular interactions and microscopic effects that govern the adsorption of drugs onto these
plasticized PVCs.

We propose to study 3 plasticizers (TOTM, DEHT, DINCH) (see Figure 1) whose effects
are compared to PVC without additives. Modelling atomistic configurations representative
of plasticized PVC surfaces is not so common in the literature.?3%3* The quality of the
molecular potentials will be tested through the calculation of the partition coefficient of
diazepam and paracetamol. Indeed, the octanol-water partition coefficient®* 3" (log P) is
a key-property for drug molecules to provide informations on the interactions of drugs in

hydrophilic and lipophilic media. A good reproduction of this property can be used as an



evidence of the quality of the atomistic models at least for solvent and drug molecules. The
experimental measurements of this property will be carried out for diazepam in this study.

The paper is organized as follows: Section 2 contains the description of the experimental
and computational procedures. In section 3, we discuss the experimental results in line with
the macroscopic properties provided by molecular simulations and we characterize the drug
adsorption by the description of local arrangements close to the PVC surface. We conclude

in Section 4.

2 Experimental and computational procedures

2.1 Experimental studies

Experimental sorption studies were conducted to evaluate paracetamol and diazepam concen-

tration variations after static contact with pure PVC tubings and PVC plasticized tubings.

2.2 DMaterials

The tubings used in this study are described in Table S1 of the Supporting Information,
all were composed of PVC. Tubings made of PVC without additives are referred to as pure
PVC. Other tubings are made with different plasticizers: DINCH, DEHT and TOTM. The
mass fraction of plasticizer depend on the plasticizer used. All tubings were provided by
Cair LGL (Lissieu, France). 60 mL polypropylene syringes (Pentaferte, Italy, ref 002022970)

were used to fill tubings with solutions. For these solutions, the following API were used:

e Paracetamol, purity > 99%, pharmaceutical raw material (ref 1547095, Cooper Phar-

maceutique, Melun, France)

e Diazepam, purity > 99%, chemistry grade (ref D08988-1G, Sigma-Aldrich Chimie
SARL, Saint Quentin Fallavier, France)



2.3 Reagents

The following reagents were used: acetonitrile 99% purity (Fisher Chemical, United King-
dom); methanol 99% purity (Fisher Chemical, United Kingdom); formic acid 98% pu-
rity (Fluka, Germany) and monobasic potassium phosphate (Sigma-Aldrich, Germany), 1-

octanol 99% purity (Honeywell, Germany). All the reagents were of HPLC grade.

2.4 Sample preparation

APIs were diluted with sterile water to a standardized molarity of 0.07 mM, corresponding to
10.6 pg mL~! for paracetamol solution, and 19.9 ug mL~! for diazepam. To obtain complete

dissolution, diazepam solutions were stirred at 50°C for 48h.

2.5 Study design

Each tubing was first rinsed with the API solution, at a flow rate of 1200 mL/h using an
electric syringe pump. After rinsing, the tubings were completely filled with the API solution,
closed at both extremities using a lue-lock stopper, and then stored in a climatic chamber
(Binder, model KBF240, Gmbh Tuttlingen, Germany) at 25°C. The initial API concentration
was quantified right after filling the syringe (T0), then evolution of the concentration was
assessed at days 1 (T1), 2 (T2), 4 (T4), 7 (T7), and 14 (T14). For each analytical time,
five independent tubings were used (n=>5) and were fully emptied to collect samples. A
total of 25 tubings was used for each condition. Quantification was performed with a liquid
chromatography system (LC2010-Shimadzu) equipped with an UV detector. Analytical

methods and validation data of each API are presented in previously published work. !

2.6 Octanol/water partition coefficient

The octanol /water partition coefficient (logP) is determined using the shake-flask method

according to a validated protocol for low solubility molecules.?® In this static mode proce-



dure, equal quantities of octanol pre-saturated water and water pre-saturated octanol are
slowly shaken into double coated vessel with a magnetic stirring bar, in order to avoid emul-
sion formation as far as possible. A known mass of paracetamol is first dissolved in one or
other of the solvents. The vessel is then stirred for an extended time allowing equilibrium to
be reached (up to 3 days). Each experiment is replicated twice. Temperature is strictly con-
trolled at 298,1K. For analysis, each phase is sampled and paracetamol content is quantified

by UV-vis absorption spectrometry using a precise calibration line.

Plasticizers Drugs

Paracetamol

DINCH

Diazepam

Figure 1: Conformations of the plasticizers (DEHT, DINCH and TOTM) and drugs (parac-
etamol and diazepam). The hydrogen, carbon, oxygen, nitrogen and chlorine atoms are
represented in white, grey, red, blue and green, respectively.

2.7 Computational procedures

The two APIs, the three plasticizers and the PVC chains were modeled by using the all-
atom general Amber force field (GAFF2).3° The atomic partial charges were calculated

at the B3LYP/6-31++g(d,p)*®*! level using the Cioslowki’s atomic polar tensor (APT)



method.*?4* These calculations were carried out using the Gaussian16*® package. The wa-
ter molecules were described by using the TIP4P2005 model.*® The 1-octanol molecules were
modeled using the united atoms TraPPE force field.4” The GAFF2 model is quite univer-
sal and has been applied to many chemically different systems whereas the TIP4P2005 and
TraPPE force fields have been shown to successfully reproduce a significant number of ther-
modynamic properties. We will use the calculation of the partition coefficient as a test of
the quality of these force fields and their transferability.

The molecular dynamics simulations were performed with the LAMMPS package.*® For
the integration of the equation of motion we used the standard velocity-Verlet algorithm
with a timestep of 2 fs. The SHAKE algorithm®® was used to constrain all the C-H bonds
of all molecules, the O-H bonds and the HOH angle of water molecules. The Lennard-Jones
crossing parameters were calculated using the Lorentz-Berthelot rules. The Nose-Hoover
thermostat and barostat algorithms®® were used to maintain the temperature at 300 K
and the pressure at 1 atm. For the repulsion-dispersion interactions, the cutoff radius was
fixed to 12 A. The periodic boundary conditions were applied in the three directions. The
electrostatic interactions were handled with the Particle-Particle-Particle-Mesh (PPPM) 3D
method. ®!

The design of pure PVC was modeled using 9 atactic chains of 95 monomers each. Each
chain was constructed step by step in order to propose random equilibrium chain config-
urations. The resulting configuration was relaxed in the NPT ensemble with increasing
temperature up to 600 K, to maintain the system at this temperature for 1 ns, then cooling
to 300 K with a ramp of 1 ns. The final configuration is then obtained after NVT runs at
300 K. The final density of pure PVC converged to 1.37 g cm?® with fixed dimensions L, x
L, =50 x 50 A. The design of plasticized PVCs used shorter PVC chains with 50 monomers
to obtain a better homogenization with plasticizers. The number of molecules of plasticizers
and PVC chains depends on the mass fraction of the corresponding tubing. These properties

are given in Table S2 in the Supporting Information along with the simulated density of each



system.

First, a box of plasticizers with homogeneous distribution was constructed, then the box
was filled with PVC chains step by step to obtain random equilibrium of the mixture. Con-
figurations were relaxed using the same method as for pure PVC. Systems were composed
of a polymeric surface, one drug, and 4000 water molecules. Classical molecular dynamics
simulations were performed with an equilibration period of 500 ps. Structural and thermo-
dynamic properties were calculated during the acquisition phase of 40 ns.

5253 was used for PMF profiles.

The harmonic biasing method Umbrella sampling (US)
US is a technique for efficient sampling at values of the reaction coordinates for which
the PMF is unfavorable by applying a bias along the reaction path. The Hamiltonian is
then modified by the addition of a weighting function that takes a quadratic form where the
spring constant k was equal to 0.11 kJ mol~' A=2. We used the Weighted Histogram Analysis
Method (WHAM)®? to recover the unbiased free energy profile AG(z). The calculations were
performed in the NpyT statistical ensemble over 200 ns with constant surface S = L, L, =
50 x 50 A2 where py = 1 atm is the normal component of the pressure. The PMF profiles
corresponded to the Gibbs free energy profile AG(z) along a chosen reaction coordinate. The
reaction coordinate was defined as a z-coordinate : the difference between the z-positions of
the center of mass of the drug molecule and the polymer surface. The maximum value of the
reaction coordinate was set to 28 A. For each studied system, the average position (xf,yr)
of the drug molecule during the standard molecular dynamic simulation was calculated. To
reduce the sampling region of the PMF, the x and y transition coordinates were constrained
on the domains [z; — 4;2¢ + 4] and [yr — 4;ys + 4]. The position z of the minimum of
the PMF can change with respect to the roughness of the surface at the atomistic level.
However, the values of the Gibbs free energy minimum remained unchanged within the
standard deviations. The Gibbs free energy AG(z) was set to zero for the largest separation
distance between the drug molecule and the polymeric surface. The standard deviations

were estimated to be in the range of 2-3 kJ mol™! in the region of the Gibbs free energy

10



minimum by carrying out at least 5 independent calculations (see Figure S1 in the Supporting
Information). Among the 5 simulations, we retain the PMF profile that corresponds to the

deepest well and therefore to the strongest adsorption.

3 Results and discussion

3.1 Partition coefficients

The adaptive biasing force (ABF) method,?®® described in the Supporting Information,

o

° ) in l-octanol and hydratation

was used to determine the free energies of solvation (AG
(AGfR,4) of paracetamol and diazepam drugs. A comparison between ABF and US meth-
ods was shown in Figure S2 in the Supporting Information. The octanol-water partition

coefficient (log P) is then calculated by

AGe  AGH, — AGY

1 P _ _ solv 1
08 = 5 303RT 2.303RT (1)

where R and 7" are the universal gas constant and temperature, respectively. Two interfacial
systems were constructed : water/void and 1-octanol /void, with box dimensions 30 A x 30
A x 80 A with 102 and 896 1-octanol and water molecules, respectively. The free energy

of hydration AG} 4 was calculated by transferring the drug molecule from the condensed

o
solv

water phase to the gas water region and AG?,  from the transfer from the bulk liquid phase
of 1-octanol to its vapor region. The liquid phase extends over a region of 30 A in the
z-direction. Lennard-Jones (LJ) interactions were truncated at 14 A. For the determination
of the PMF curve, the reaction coordinate was defined as the distance between the center
of mass of the drug molecules and the condensed phase. The overall reaction coordinate
distance was 35 A starting from the center of the condensed phase to the center of the void.

To improve the sampling, the overall reaction pathway was divided into seven windows of

5 A. To generate the initial configuration for each window, a 200 ps molecular dynamics
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simulation was performed where the solute was pulled at the beginning of the window in
bins of width 0.2 A. The same harmonic force used for the PMF profiles was set to keep the
solute within the window.

The free energy of hydration was calculated by the difference between the mean free
energy averaged over the slab of the water phase and that averaged over the slabs of the
void. The free energy of solvation was calculated in the same way but considering the octanol
phases. The curves of potential of mean force are shown in Figure 2. We considered only
the slabs of the bulk phases in order to avoid the impact of the interface. The free energy
values are given in Table 1 along with the calculated and experimental values®® ®* of the

octanol-water partition coefficient.

Table 1: Gibbs free energies of solvation and hydration calculated from the PMF curves.
AG and the partition coefficient were calculated by using Eq.1. The experimental values of
the partition coefficient are reported for comparison. A variation of 0.1 in log P represents
a difference in the free energies of solvation and hydration of about 0.6 kJ mol=1.¢ value
determined in this work, ®values resulting from works of Refs. 59-64

AGY 4 AGS, AG log P log P
(kJ mol™) (kJ mol™') (kJ mol™!) Exp.
Paracetamol
-45.5 -47.4 1.9 0.33+0.1 0.34 £+ 0.02¢
0.34-0.52 °
Diazepam
-78.2 -93.0 14.8 2.6+0.2 2.8-3.0

First, the partition coefficient of paracetamol we have measured in this work by using
the shake-flask method at 298 K compares very well with those measured in batch condi-
tions.?”% A mean deviation of 31% is observed with experimental values obtained in fast
and dynamic conditions, %62 for which the equilibrium state was probably not reached. Sec-
ond, the calculated partition coefficient of paracetamol (logP = 0.33) matches very well
with the corresponding experimental coefficient (log P = 0.34) measured in this work with

a deviation smaller than 3%. Concerning the partition coefficient of diazepam, we reach
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the same conclusion about the accuracy of the prediction by showing a deviation between
experiments and simulations of 7%. In view of the statistical fluctuations of the calculation
of the PMF curves and the range of experimental log P values, we can conclude that the
molecular models used are of good quality. We also show a certain transferability of Amber,
TTP4P2005 and TraPPE force fields. We can now extend the simulations to the interaction

of these species with a PVC surface with confidence.
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Figure 2: Hydration (solid lines) and solvation (dotted lines) free energy profiles calculated
for paracetamol and diazepam where r is the difference between the centers of mass of drug
and liquid phase.

3.2 Experiments

We used the HPLC method to detect any loss by sorption of the paracetamol and diazepam
solutions with pure PVC and plasticized PVC tubings. Figure 3 shows the evolution over
time (in days) of the concentration of both drugs during static contact with different tubings.
First, Figure 3a shows that the paracetamol solution remained unchanged for 14 days regard-
less of whether PVC material was plasticized or not. These experiments indicate that there is
no adsorption of paracetamol onto PVC tubings. Second, Figure 3b shows no measurable ad-

sorption of diazepam onto unplasticized PVC tubings since diazepam concentration remains
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Figure 3: Evolution of a) paracetamol and b) diazepam concentrations in static contact
with PVC tubings, compared to initial concentrations. The error bars on the concentrations
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values are less than 1% and cannot be read with the scale used.

stable for 14 days. After static contact with plasticized PVC tubings, experiments establish
an important drug loss just after filling which falls under 2% of the initial concentration after
4 days. The loss rate is independent of the plasticizers used. These measurements highlight
an adsorption of diazepam onto PVC-DINCH, PVC-DEHT and PVC-TOTM tubings and no

adsorption onto a pure PVC material. We now propose to characterize the thermodynamics

of adsorption of both drugs onto different PVC surfaces.
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3.3 Thermodynamic characterization

The thermodynamic characterization of the adsorption is achieved through the calculation
of the potential of mean force which represents the change in the Gibbs free energy as
a function of the separation distance between the drug and PVC material. These PMF
curves inform us about the free energy changes as the drug molecule approaches the PVC
surface from a distance beyond the range of interaction to contact. They model in some
way the adsorption process. Figure 4a shows the free energy curves corresponding to the
adsorption of paracetamol onto pure and plasticized-PVC surfaces. These curves exhibit
negative Gibbs free energy minimum at a contact separation distance. The depth of the well
is assimilated here to the Gibbs free energy of adsorption. For paracetamol, the values of
Gibbs free energy of adsorption, listed in Table 2, fall into a range of -22 to -15 kJ mol .
In the context of physical adsorption governed mainly by van der Waals interactions, the
values reported here with paracetamol are relatively weak. It means that the adsorption of
paracetamol onto these PVC surfaces is thermodynamically possible but that the drug-PVC
interaction is not strong enough to detect an adsorption of paracetamol on PVC tubings
with our analytical procedure. In a preliminary study,*! we concluded that no drug loss by
sorption can be observed when the Gibbs free energy of adsorption is greater than -30 kJ
mol~!. Experiments and simulations carried out here with plasticized PVC-tubings support
this conclusion.

Figure 4b shows the free energy profiles AG(z) of the adsorption process of diazepam
onto PVC surfaces. The PMF of the adsorption of diazepam onto the pure PVC surface
shows a minimum of -21.5 kJ mol~!. In line with the threshold value of -30 kJ mol~! for
AG?,,, PMF calculations predict then no adsorption onto unplasticized-PVC as confirmed
by HPLC measurements. With plasticized-PVC surfaces, the situation is quite different.
Indeed, the PMF curves highlight much deeper wells ranging from -55 to -33 kJ mol™!. As a
result, the simulations predict stronger interactions between diazepam and the plasticized-

PVC surfaces and experiments confirm the strength of these interactions by significant drug

15



losses by sorption when the drug is in contact with plasticized-PVC tubings (see Figure 3b).
The strength of these interactions remains typical of that involved in physisorption. The
coupling between experiments and PMF calculations, that has proven successful on pure PE
and PVC surfaces, is successfully extended to more complex surfaces such as plasticized-

PVC-surfaces. We have to some extent highlighted a correlation between the strength of the

drug-material interaction and the drug loss by sorption.
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Figure 4: Gibbs free energy profiles AG(z;) of the interaction of a) paracetamol and b)
diazepam drugs onto plasticized PVC surfaces in water as indicated in the legend. The
profiles of the interaction with unplasticized PVC surfaces calculated in a previous work3!
are given for comparison. z; represents the difference between the centers of mass of surface

and drug.

In order to understand the key driving force for drug adsorption, we calculated the same
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PMF curves in the void. The free energy profiles are given in Figure S3 in the Supporting
Information and the thermodynamical properties of adsorption are listed in Table S3 in the
Supporting Information. Firstly, we can note that all the free energy profiles present deeper
wells in the void than in water indicating that the net interactions between drug and PVC-
surfaces are thermodynamically favored in the void. It means that this highly favorable
drug-PVC surface interaction in the void is partly counterbalanced by unfavorable contribu-
tions in water. To further investigate the calculation of these positive free energy contribu-
tions, we developed a thermodynamic cycle in Figure S4 in the Supporting Information that
calculates the difference in the free energy between void and water (AGoY — AGoY).
The calculation of these free energy differences requires the calculation of the surface tension
of water, the work of adhesion of PVC surfaces and water (Table S4 and Figure S5 in the
Supporting Information) and the Gibbs free energy of hydration of both drugs (see Table 1).
These different thermodynamical properties require adapted methodologies such as free en-
ergy perturbation,% potential of mean force and surface tension calculation.® The reader is
redirected to the Supporting Information for a comprehensive presentation of the calculation
of the work of adhesion between an unplasticized PVC surface and water (see Table S4 and
Figures S4-S5). From this cycle, we can conclude that the less favorable Gibbs free energy
of adsorption in water with respect to the void results from positive contributions coming
from the desorption of water molecules and dehydration of drug during the adsorption pro-
cess. In the case of pure PVC surfaces, we show that the difference in the free energy of
adsorption between water and void matches reasonably well with the calculated desorption
and dehydration contributions of the thermodynamic cycle taking into account different ap-
proximations and error bars of the free energy calculations. Roughly, the positive free energy
due to the desorption of water molecules accounts for 5-15 kJ mol~! and the dehydration
of diazepam and paracetamol contributes about 40 and 22 kJ mol™!, respectively. By using
different methodologies of simulation, we show that we can interpret the difference of PMF

curves in water and in the void and give an order of magnitude of these positive free energy
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contributions.
We now pay attention to the shape of the free energy profiles. From these curves, it is

then possible to estimate the number of adsorbed molecules from the calculation of the /.4

where R is the universal gas constant and 7' the temperature set at 300K. The number

parameter as

of adsorbed drug molecules per unit area, at equilibrium is the same as the number of
such molecules in a slab of solution of thickness [,qs. Adsorption has a significant impact
on the concentration in the solution if 45 is not negligible versus the volume/area ratio
of the container, taking into account that roughness actually increases the effective area.
The values of l,qs are given in Table 2. We establish here a strong correlation between
the increase of [,qs and a more favorable Gibbs free energy of adsorption but also with the
experimental decrease of concentration of diazepam when it is contact with plasticized-PVC
tubings. Indeed, the order of magnitude of [,4s parameter for the interaction of diazepam
with PVC-DINCH, PVC-DEHT and PVC-TOTM surfaces for which HPLC measurements
show a total adsorption, is by no means comparable (at least two orders of magnitude) to

systems with paracetamol and no detected adsorption.

Table 2: Gibbs free energy of adsorption (kJ mol™!) obtained from the minimum of AG(z;).
The statistical fluctuations are within 2-3 kJ mol™! for the Gibbs free energy minimum (see
Figure S1 of the Supporting Information) and within about 10% for the adsorption length
lads-

Surface AGY lads AG?y lads

(kJ mol™) (um) (kJ mol™!) (um)

paracetamol diazepam
PVC -16.8 0.1 -21.5 0.8
PVC-DINCH -21.0 0.7 -33.4 84
PVC-DEHT -22.1 1.0 -48.4 2x10%
PVC-TOTM -14.8 0.06 -54.4 4%10°
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3.4 Atomic description of the interfacial region
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Figure 5: a) and b) atomic density profiles of PVC, plasticizers, water and diazepam
molecules. ¢) and d) density profiles of some atoms of the diazepam molecule to be red
on the right scale. See Figure S6 in the Supporting Information to identify the positions
of atoms of diazepam. Panels a) and c¢) correspond to the adsorption of diazepam onto the
unplasticized PVC surface whereas panels b) and d) represent the adsorption of diazepam
onto the plasticized PVC-TOTM surface.

The atomic density profiles along the z-direction perpendicular to the surface can be

calculated as

N
1
o) = (5000 2)) B
i=1
where A = L, L, is the surface area, N the number of atoms to be considered, z; the z-position

of the atom ¢ and ¢ the Dirac delta function. The simulation cell is split into uniform slabs of

volume V' = AAz perpendicular the surface normal. Az represents the slab width and p(z)

19



is the the atomic density profile in each slab at z-position. These profiles were calculated
from standard unbiased molecular dynamics simulations. We checked that the generated
equilibrium configurations correspond to those of the free energy minimum?!' obtained from
the PMF calculations. Figure 5 and Figure S7 (Supporting Information) show the atomic
density profiles of PVC, TOTM plasticizers, water at the interfacial region, for diazepam
and paracetamol drugs, respectively. The atoms of the drugs used for the calculation of
these density profiles are shown in Figure S6 in the Supporting Information. The density
profiles obtained with the DINCH and DEHT plasticizers are given in Figures S8-S9 in the
Supporting Information. Even though the PMF calculations show free energy of adsorption
relatively different (-14.8 for paracetamol against -54.4 kJ mol~!for diazepam), the density
profiles of Figure 5a and Figure S7a show an adsorption of the drug with distributions
totally restricted to the interface. These profiles show that the drugs form a monolayer with
an average thickness of 5 A, corresponding roughly to the size of the molecules. The density
profiles of Figures 5b and Figure S7b also establish that the plasticizer molecules show a
homogeneous distribution within the PVC material and that some plasticizers sample the
PVC-water interface. This means that as the drug molecules adsorb onto the surface they
interact with PVC, water and also plasticizers as clearly shown by Figure 5d and Figure S7d.
Figure 5c¢ and Figure 5d and Figure S7c and Figure S7d (Supporting Information) show
however that the presence of TOTM molecules does not induce any major differences in
the local arrangements of drugs at the interfacial region for either paracetamol or diazepam
molecules. When the surface is covered by plasticizers, we observe a slight decrease of the
peak of adsorption with diazepam and a slight increase of this peak with paracetamol.
However, this could mean that plasticizer molecules, which are not chemically attached
to polymer chains, could in certain conditions leave the PVC material through migration but
the duration of our simulations is not long enough to observe to this phenomenon. Typical
configurations of diazepam absorbed onto plasticized PVC materials are given in Figure S10

in the Supporting Information.
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The density profiles of Figures S7c and S7d of the supporting Information show that
paracetamol adsorbs onto the PVC surface with oxygen atoms pointing more towards the
water bulk and nitrogen atom toward the PVC in the case of pure PVC surface. This effect is
mitigated with the presence of TOTM molecules. For the diazepam, it is rather the chlorine
atom that points toward the PVC atoms with pure PVC material (see Figure 5b)). The
reader is redirected to the Supporting Information for the density profiles calculated in the
PVC-DINCH and PVC-DEHT surfaces.

These density profiles do not provide an unambiguous answer to the question of absorp-
tion of the drug into the PVC material. Indeed, the density profile calculated by Eq.(3) is
smoothed out due to local surface roughness. The profiles of Figure 5 and Figure S7 (Sup-
porting Information) could suggest that the drug molecule has penetrated a little into the
material, which would indicate the first stages of the absorption. To definitively conclude
on this point, we calculated an intrinsic density profile®” % by considering the following

expression

N N
)= (G20 ~20) = (G200~ ) (@)
where ¢ is the instantaneous position of the surface and x; and y; are the atomic coordi-
nates in the plane parallel to the PVC surface. The calculation of £(x;, ;) is done by moving
down a (z,y) grid of fictitious spheres along the z axis, starting in the water region. Once
a surface atom i is detected at a given distance from the probe sphere, &(x;,y;) is set to
the current z coordinate of the sphere. This definition makes it possible to better identify
the molecules at the interface and to determine the boundaries of the solid-fluid interface.
The intrinsic density profiles, shown in Figure 6 were then calculated for the adsorption of
diazepam onto pure PVC and plasticized PVC-TOTM surfaces.
These profiles show a region of non-overlap between water and surface atoms on the
one hand and diazepam and PVC atoms on the other hand. This zone is explained by the

excluded volume interaction of the Lennard-Jones potential. It is clear that this definition
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Figure 6: Intrinsic density profiles calculated by using eq.4 for the adsorption of diazepam
onto a) the pure PVC surface and b) the plasticized PVC-TOTM surface. The choice of the
probe sphere radius is set to 1.75 A which is the size of a water molecule in terms of van der
Waals radius. The Lennard-Jones parameter o of the surface atoms is used to establish the
proximity check, i.e. if a surface atom i is detected at a distance smaller than o;/2 + 1.75
then the position &(z;,y;) is set to z of the sphere. As a consequence, water molecules that
are in the first layer close to the surface have a value of 2’ close to zero. We used a 80 x 80
grid, which allows for a fast calculation as well as a small enough resolution of 0.625 A given
the box dimensions along the z and y directions.

better considers the structure of the interface. A better ordering of water molecules is
observed by showing a first adsorption peak due to the interaction of water molecules with
PVC and plasticizers chains. Unlike the density profiles shown in Figure 5b, two water
layers are clearly visible showing the impact of the surface on the structuring of water in

the interfacial region. We also establish definitively that, for the duration of the simulation,
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diazepam does not penetrate into the PVC and PVC-TOTM surfaces, it remains outside the
surface in the interfacial region in interaction with plasticizers, PVC and water molecules.
Diazepam interacts directly with the surface atoms without water molecules between them

indicating that it loses half of its first hydration layer upon adsorption.
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Figure 7: (a) z and y and (c) z components of mean square displacements versus time of
adsorbed drug molecules on pure PVC and PVC-TOTM surfaces. (b) and (d) positions of
diazepam and paracetamol molecules along the x and y directions. The blue color represents
the positions of the drug, red the positions of the plasticizers and green the PVC molecules.

The drug adsorption can also be investigated through the analysis of the mean square
displacements of the drug onto the surface in the z, y and z directions. Figure 7a shows

displacements in a plane parallel to the surface and Figure 7c in the direction normal to
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the surface. Parts b) and d) of Figure 7 display the sampling zones of both drugs in the
plane parallel to the surface. We observe that diazepam covers an area of plasticizers (see
Figure 7b) whereas paracetamol samples a small region of PVC surrounded by plasticizers
as shown in Figure 7d. It is clear from Figure 7a that the diffusion of paracetamol along
the x and y directions is larger than that of diazepam in line with a weaker interaction.
We also observe that the presence of plasticizers tends to slightly slow down the diffusion
of the drug. This also correlates with the regions sampled by the drug molecules. In the
direction perpendicular to the surface (Figure 7c), we see the same trends while verifying
that mobility along this axis is reduced by at least a factor of 5 due to the adsorption.

The local environment of the adsorbed molecule can be analyzed using spatial distribution
functions (SDF).™ The positions of the surrounding atoms of the molecule are calculated
with respect to an internal frame defined by three central atoms of the molecule, leading
to a scalar field representing the density of each atom type relative to the orientation of
the molecule frame. We can then visualize the higher probability of finding a given atom
type around the molecule by calculating an isosurface for a chosen threshold value. Figure 8
shows the SDF of both drugs in water and interacting with PVC-TOTM surfaces.

Figures 8a and 8b show the distributions functions around paracetamol and diazepam
in bulk water conditions. On one hand, the hydrogen bonds exhibit a characteristic struc-
turation, with successive hydrogen and oxygen layers starting from the alcohol (paracetamol
only) and carbonyl functions. Indeed, diazepam and paracetamol give 2.2 and 3.4 hydrogen
bonds, respectively. The calculation of hydrogen bonds is based upon the following definition
. the X-H..O distance is required to be less than 2.5 A and the H-X...O angle to be less than
30° where X represents either O or N. On the other hand, the hydrophobic parts constituted
by the carbon atoms are surrounded by domains containing oxygen and hydrogen atoms
with no clear alternation. In theses domains, the water molecules tend to present an O-H
bond parallel to the surface. Figures 8¢ and 8d show the SDFs for the adsorbed drugs onto
PVC-TOTM materials. Since the isosurfaces of PVC and TOTM are clearly defined with
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Figure 8: Spatial distribution functions of a) paracetamol and b) diazepam molecules and
water molecules in bulk water conditions. Spatial distribution functions of water, PVC and
TOTM atoms around the adsorbed c) paracetamol and d) diazepam molecules as indicated
in the legend. The isosurfaces representing oxygen and hydrogen water atoms are shown
in red and white, respectively. PVC and TOTM atoms (all types) are shown in blue and
yellow, respectively. We limit the calculation to a distance of 8 A in order to include only
the first neighbors.

no overlap for diazepam (see Figure 8d), we can conclude that the diazepam does not rotate
on itself and always points the same face to the surface: this rigid configuration allows the
diazepam to conserve its hydrogen bond with water molecules. Indeed, the number of hy-
drogen bonds for adsorbed diazepam is 2.1. In contrast, Figure 8c shows that the PVC and
TOTM isosurfaces show different positions around the paracetamol, which is the result of
possible rotations for the adsorbed molecule. Upon adsorption, paracetamol loses 0.4 hydro-
gen bond. These distribution functions confirm that the drug molecule maintain interactions
with water, plasticizers and PVC chains upon adsorption even if the comparison with the

functions calculated in bulk water confirm a quantitative dehydration of both drugs.
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4 Conclusions

A combined experimental and theoretical study was carried out to investigate the sorption
of paracetamol and diazepam onto plasticized PVC materials. Both APIs were studied at
the same molar concentration, alone without excipients and that therefore the results are
comparable. HPLC experiments establish that diazepam adsorbs strongly onto plasticized
PVC tubings whereas it does not adsorb onto a pure PVC tubing. Concerning paracetamol,
experiments indicate no adsorption whether or not the tube is plasticized.

The quality of the force field was tested on the calculation of the partition coefficient.
Experiments were carried out to determine this coefficient for diazepam. The adsorption
process was also investigated through the calculation of the profile of Gibbs free energy
along the direction normal to the PVC material. The simulations show that the adsorption
of diazepam and paracetamol onto PVC-materials are thermodynamically favored indicating
a physical adsorption through mainly van der Waals interactions. Nevertheless, the order of
magnitude of the free energy of adsorption range from -55 to -15 kJ mol~! which corresponds
to totally different amounts of adsorbed molecules.

The comparison of the simulated free energy of adsorption with HPLC measurements
confirms the threshold value3! of about -30 kJ mol™! above which we did not detect any
drug loss by sorption. We have highlighted a correlation between the strength of the inter-
action between the drug and PVC surface through the calculated free energy of adsorption
and the drug loss by sorption experimentally determined. Since the adsorption process is
accompanied by dehydration of drugs and desorption of water molecules, we assess these
unfavorable free energy contributions by applying different advanced simulation approaches
ranging from the calculation of the potential of mean force in the void to the calculation of
the work of adhesion between the PVC surface and water. Roughly, in the case of the adsorp-
tion of unplasticized PVC surfaces, the contribution to the total free energy of the desorption
of water molecules is within 5-15 kJ mol~! whereas the dehydration of drugs contributes to

about 40 and 22 kJ mol~! for diazepam and paracetamol, respectively. Interestingly, we es-
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tablish here that the simulations performed on more sophisticated systems with the presence
of plasticizers within the PVC material are able to energetically characterize the sorption
process and help the interpretation of experiments.

We took advantage of the molecular simulations to explore the atomistic description of
the interfacial region that remain inaccessible to experiments. The density profiles of water,
PVC chains, plasticizer molecules and drug show an adsorption of the drug in line with all
the negative values of free energy of adsorption. The analysis of the different arrangements
of molecules at the surface of the material does not allow to interpret the differences in
the strength of the drug-surface interaction but identify the adsorption of drugs in terms
of contact areas, hydration and location of plasticizer molecules. However, it was possible
to conclude that the simulations show only a drug adsorption and not an absorption by
considering that the simulation time is limited to a hundred nanoseconds. The spatial
distribution functions propose an overall view of the interaction areas around the adsorbed
drug onto the PVC material. To complete the microscopic analysis of the adsorption, we
show that the strongest values of free energy of adsorption correspond to a slight slowdown
in the mobility of the drug not only in the direction normal to the surface but also in the
plane parallel to the surface.

To conclude, we show here that advanced simulation approaches and experiments are
complementary and must be used together to interpret and characterize both energetically
and microscopically the drug adsorption to polymer materials. We can hope in the years to

come to design plasticized polymer surfaces that would be able to prevent drug sorption.
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