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Abstract

Cannabidiol (CBD) is viewed as promising therapeutic agent against a variety of

health ailments; however, its efficacy is limited by poor aqueous solubility. Amorphous

solid dispersions (ASDs) can enhance the solubility of therapeutics by distributing it

throughout a polymer matrix. In consideration of ASD formulations with CBD, we in-

vestigate the interactions of CBD with various polymers: polyvinylpyrrolidone (PVP),

polyvinylpyrrolidone/vinyl acetate (PVP/VA) copolymer, hydroxypropyl methylcel-

lulose phthalate (HPMCP), hydroxypropyl methylcellulose acetate succinate (HPM-

CAS), and poly(methyl methacrylate) (PMMA). Both experiment and molecular dy-

namics simulation reveal diverse mixing behavior amongst the set of polymers. De-

tailed structural and nano-scale interaction analyses suggest that positive deviations

from ideal-mixing behavior arise from the formation of stable polymer-CBD hydrogen
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bonds whereas negative deviations are associated with disruptions to the polymer-

polymer hydrogen-bond network. Polymer-water interaction analyses indicate the sig-

nificance of polymer hydrophobicity that can lead to poor dissolution of CBD. These

results have implications for drug dissolution rates based on how CBD and water in-

teracts with each polymer. Furthermore, these insights may be used to guide ASD

formulations for CBD or other small-molecule therapeutic agents.

1 Introduction

Cannabidiol (CBD) has garnered attention as a potential therapy for inflammation, 1–4 can-

cer,5,6 and anxiety,7–9 amongst other diseases and disorders, by targeting various signaling

receptors and pathways.10 Despite a global market size estimated to reach $20 billion by

2025,11 the efficacy of CBD is limited by its solubility and bioavailability. With a water

solubility of 12.6 mg/L12 and lipophilicity (logP) of 6.3,13 CBD is classified as a Biophar-

maceutics Classification System (BCS) Class II drug.14 Poor water solubility, along with a

significant first-pass effect,15 results in a low oral bioavailability of approximately 6%,16 indi-

cating that only a small portion of the drug reaches the circulatory system. Improvements to

stabilization and controlled delivery methods for CBD could enhance the viability of certain

treatments.

Amorphous solid dispersions (ASDs) enhance the solubility17 and extend the shelf life18–21

of active pharmaceutical ingredients (APIs) by mixing with a glassy polymer matrix. 22,23 The

performance and stability of ASDs depend on polymer-API interactions that impact mixing

behavior and subsequent dissolution.24,25 Therefore, understanding how polymer chemistry

influences API interactions is valuable for developing ASDs.

Numerous studies feature MD simulations to model the behavior of various ASDs. These

studies often focus on predicting the solubility and Flory-Huggins interaction parameters

of polymer-API systems at the macroscopic level.26–36 Other studies utilize simulations to

model formation of polymer-API matrices, mechanics of API dissolution, and hydration
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effects within ASDs.36–39 While MD simulations can be used to probe nanoscale interactions

not accessible by experimental methods, studies utilizing MD to assess atomic-level behavior

in ASDs have been limited to recent years.27,40–42

In this study, we combine molecular dynamics (MD) simulations and experimental char-

acterizations to investigate CBD-polymer interactions in ASDs featuring several polymers:

polyvinylpyrrolidone (PVP), polyvinylpyrrolidone/vinyl acetate (PVP/VA) copolymer, hy-

droxypropyl methylcellulose phthalate (HPMCP), hydroxypropyl methylcellulose acetate

succinate (HPMCAS), and poly(methyl methacrylate) (PMMA) (Figure 1). Both exper-

imental and simulated glass transition temperatures for ASDs across a range of composi-

tions reveal system-specific mixing behavior with both positive and negative deviations from

ideal-solution behavior observed. This behavior is elucidated through simulation analyses

of the nanoscale structure of the polymer matrices and hydrogen-bonding characteristics

within the ASDs. The distinct dissolution trends are further related to competition between

CBD and water interactions with the polymer matrices. This complementary experimental

and theoretical approach sheds light on the specific chemical moieties and molecular-level

interactions that govern the mixing behavior of ASDs containing CBD. The analyses and

insights supplied can help rationalize performance of ASDs containing CBD and may also

facilitate design of other drug-delivery systems.

2 Methods

2.1 Experiment

Materials. Crystalline cannabidiol (CBD, 99.9%) was purchased from Global Cannabinoids

(Las Vegas, NV). Hydroxypropyl methylcellulose acetate succinate (HPMCAS; Affinisol 126)

was provided by the Dow Chemical Company (Midland, MI). Hydroxypropyl methylcellulose

phthalate (HPMCP; HP-50) was provided by Shin-Etsu Chemical Co. (Tokyo, Japan).

Polyvinylpyrrolidone (PVP; Kollidon 30) and polyvinylpyrrolidone-vinyl acetate copolymer
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Figure 1: Overview of studied systems. Chemical structures and naming convention for (A) cannabidiol (CBD),
(B) hydroxypropyl methylcellulose phthalate (HPMCP), (C) hydroxypropyl methylcellulose acetate succinate (HPMCAS),
(D) polyvinylpyrrolidone (PVP), (E) polyvinylpyrrolidone-co-vinyl acetate (PVP/VA), and (F) poly(methyl methacrylate)
(PMMA). For analysis, CBD is decomposed into a monoterpene, hydrophilic resorcinol, and the hydrophobic alkyl tail as
shown in panel (A).

(PVP/VA; Kollidon VA 64) were provided by BASF Corporation (Tarrytown, NY). PVP/VA

has an approximate 1.2:1 molar ratio of N-vinylpyrrolidone to vinyl acetate. Poly(methyl

methacrylate) (PMMA) was purchased from Sigma-Aldrich (St. Louis, MO). Properties of

polymers used are included in Supplemental Information, Table S1. Dichloromethane (DCM,

HPLC grade), methanol (MeOH, HPLC grade), sodium hydroxide, tetrahydrofuran (THF,

HPLC grade), acetonitrile (HPLC grade), and trifluoroacetic acid were purchased from Fisher

Scientific (Hampton, NH). Fed-state Simulated Intestinal Fluid (FeSSIF V2) powder was

purchased from Biorelevent.com, Ltd. (London, UK). Syringe filters (13 mm diameter, glass

fiber, 0.45 µm pore size) were purchased from Foxx Life Sciences (Londonderry, NH). Tzero

aluminum differential scanning calorimetry (DSC) pans (40 µL volume) and hermetic lids

were purchased from TA Instruments (New Castle, DE). All materials were used without

further purification.

Preparation of dropcast samples. Stock solutions were prepared for each CBD and

polymer pairing, except for PMMA, at a concentration of 50 mg/mL in a 1:1 volumetric
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mixture of DCM to MeOH. For pairng CBD with PMMA, dissolution was done in pure

DCM. The solutions were volumetrically mixed to obtain desired CBD weight fractions

wCBD = mCBD/(mCBD +mpolymer) = 0, 0.2, 0.4, 0.6, 0.8, and 1.0. Each solution was added

to a pre-weighed TA Tzero aluminum DSC pan in aliquots of 30 µL. Time was allowed

for solvent evaporation under ambient conditions between each aliquot. Following the final

aliquot, all pans were dried overnight in a vacuum oven at 30°C and -30 mmHg gauge

pressure. Approximately five total solution aliquots were added to each pan to achieve a final

solids mass of approximately 3–6 mg. Samples were prepared in triplicate and characterized

by DSC.

Preparation of spray-dried ASDs containing CBD. Samples containing 20% CBD were

prepared as spray-dried amorphous solid dispersions. Solutions were prepared at a total solid

concentration of 5% w/w with wCBD = 0.2, in a 1:1 volumetric mixture of DCM to MeOH.

Samples (10–20 mL) were spray dried using a B-290 spray dryer (Büchi Corporation, New

Castle, DE) under nitrogen atmosphere in closed mode with a B-295 inert loop with Tcondenser

= -20°C for solvent recovery. The following parameters were used for spray drying: Tinlet =

90°C, Toutlet = 30–40°C, solution feed rate = 7 mL/min. The solution feed was atomized

through a 0.7 mm diameter atomizing nozzle with nitrogen used as the atomizing gas (N2

flow rate 470 L/h). The aspirator was set to a value of 90%, corresponding to a drying

gas circulation rate of approximately 35 m3/h. After spray drying, powders underwent an

overnight secondary vacuum drying step (Pgauge = -30 mmHg) at room temperature for

further removal of residual solvent. Samples were characterized by DSC, powder X-ray

diffraction (PXRD), and in vitro release measurements.

Differential scanning calorimetry (DSC). Dropcast samples and spray-dried dispersions

were thermally characterized by DSC. Approximately 3 – 5 mg of dropcast solids (after

solvent evaporation) or 5 – 10 mg of powder was loaded into an aluminum DSC pan with
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hermetic lid. A small pinhole was made in the pan lid to allow the escape of residual vapors.

Characterization was performed using a TA Instruments Discovery 2500 DSC (New Castle,

DE). Each sample was analyzed at a rate of 5°C/min over three heating and cooling cycles

from -50 to 160°C, except for samples containing PVP, for which a temperature range of -50 to

190°C was used due to the elevated glass transition temperature of pure PVP. Data analysis

was carried out using TA Universal Analysis software. The glass transition temperature is

reported on second heating using the midpoint method. All heating cycles were monitored

for evidence of potential phase separation (i.e. the presence of two distinct glass transition

temperatures).

Powder X-ray diffraction (PXRD). PXRD measurements were performed using a D8

Advance twin diffractometer (Bruker Corporation, Billerica, MA) equipped with Cu Kα

radiation (λ = 1.54 Å) and LYNXEYE-XE detector. Powder was loaded into a polyimide

capillary (inner diameter = 1 mm), which was then mounted on a rotating (60 rpm) capillary

stage. Data was collected in the range of 2θ = 3 - 20° with a step size of 0.025° and count

rate of 5 s per step. Analysis was performed using Bruker DIFFRAC EVA V3.1 software.

Additionally, for neat PMMA, CBD, and CBD-PMMA spray-dried ASDs, room-temperature

Wide-angle X-ray Scattering (WAXS) was performed using a Xenocs Xeuss 3.0 (Xenocs,

Holyoke, MA) equipped with a Cu Kα beamline. The samples were loaded into polyimide

capillaries with the same inner diameter and mounted onto a stationary capillary stage.

WAXS data were collected for 10 min per sample in the range of 2θ = 3 - 55°. The raw

two-dimensional scattering data were azimuthally integrated to produce one-dimensional

scattering patterns using the accompanying XSAFT software.

in vitro dissolution assay. The dissolution of CBD from spray-dried dispersions was

measured using an in vitro assay in fed-state simulated intestinal fluid (FeSSIF). FeSSIF

media was at pH 7 so as to be above the pKa of the functionalized cellulose polymers (rather
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than pH 5.8) but otherwise according to the manufacturer’s instructions. The FeSSIF media

was pre-warmed in a 37°C water bath and then added to measured amounts of spray-dried

dispersion powder to achieve a final CBD concentration of 200 µg/mL and a total liquid

volume of approximately 10 mL.

To quantify the dissolution of CBD over time, a 0.25 mL aliquot of the release media

was removed at 0.02, 0.25, 0.5, 1, 3, 6, and 24 hr. The aliquot was passed through a 0.45

µm glass fiber syringe filter (13 mm diameter) and was diluted five-fold with acetonitrile

for HPLC analysis. For polymers other than PMMA, three separate aliquots of dissolution

media taken from a single, larger vial of of the release media were taken at every time point

to assess statistical variability. For PMMA, testing was done in full triplicate using three

distinct vials of dissolution media. The two methods described are both expected to yield

representative samples given the scale of spray dried samples.

High-performance Liquid Chromatograph (HPLC). CBD concentration was quanti-

fied by reverse-phase HPLC (Phenomenex Kinetex C18, 100 Å, 150 x 4.6 mm, 5 µm particles)

using an Agilent 1100 series HPLC. Samples (10 µL injection volume) were analyzed with

an isocratic mobile phase of 80:20 acetonitrile:water with 0.05% v/v trifluoroacetic acid at

a flow rate of 1 mL/min and column temperature of 35°C. A diode array detector was used

to detect CBD at a UV absorbance of 220 nm. The retention time was 3.7 minutes, and a

linear standard curve was constructed for concentrations between 0.5–300 µg/mL using the

integrated area of the UV absorbance peak. Samples were diluted with acetonitrile or mobile

phase to fall within the range of the standard curve as needed.

2.2 Simulation

General Simulation Protocols. All MD simulations were performed using the GPU

implementation of the OpenMM 7.7.0 simulation package.43 The systems were modeled with

the all-atom optimized potentials for liquid simulations (OPLS-AA) force field44 with the
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real-space non-bonded interactions truncated at 11 Å. Long-range electrostatics were calcu-

lated using the Particle Mesh Ewald (PME) algorithm, and long range energy corrections

were applied for Lennard-Jones interactions beyond the cutoff range. Isothermal-isobaric

simulations used a timestep of 1 fs, a Langevin thermostat integrator with a friction coeffi-

cient of 1 ps-1, and a Monte Carlo barostat with a frequency of 25 fs. For each ASD, four

independent simulations of five different CBD compositions were prepared, resulting in a

total of 5× 5× 4 = 100 simulations.

System Preparation. For each simulation, the number of polymer chains and CBD

molecules were determined through a convex optimization procedure with system size con-

straints, as detailed in the Supplemental Information, Section 3. Using the CVXPY Python

library45,46 (version 1.4), molecule counts were calculated to maximize the accuracy of the

resulting system mass concentrations while keeping the total atom count within a set range.

The initial box size was chosen to obtain 90% of the pure polymer density. The polymer

chains and CBD molecules were then placed randomly throughout the box at random ori-

entations. The prepared systems were initially minimized using the OpenMM minimization

algorithm with an energy tolerance of 1 kJ/mol, followed by velocity initialization at 373 K.

The minimized structures were equilibrated in the isothermal-isobaric ensemble at 1 bar for 5

ns, followed by a 21-step compression/relaxation procedure (see Supplemental Information,

Table S4) inspired by prior work.47 The output configurations were then annealed from their

respective target temperatures (Supplemental Information, Table S5) to 200 K at a rate of

10 K/ns with additional 2 ns equilibration every 10 K in the isothermal-isobaric ensemble at

1 bar. We note that the simulation times here are aggressive to equilibrate polymer systems

of these molecular weights at these temperatures. An assessment of convergence of various

properties is provided in the Supplemental Information, Figures S3-S6. Although the poly-

mers are not likely equilibrated over all lengthscales, local structural properties, such as the

density and various radial distribution functions, are effectively converged. Therefore, our
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protocol seems adequate for the analysis herein.

Polymer Generation. Each polymer chain was built with 40 monomer units. To model

the atacticity of PMMA, PVP, and PVP/VA, both isomers for each monomer were placed

in the chains with equal probability. To model the substitution patterns in the cellulosic

polymers, monomers with different substitutions were placed in the chains with probabilities

matching the grades of polymers used in the experimental section. HP-50 HPMCP is ap-

proximately 22% w/w methoxy, 8% w/w hydroxypropoxy, and 24% w/w phthalyl. 48 Affinisol

126 HPMCAS is approximately 12% w/w acetyl, 6% w/w succinoyl, 24% w/w methoxyl,

and 8% w/w hydroxypropoxy.49 The hydroxypropyl polymer models were created based on

a previous study.36 Details for model monomer substitution patterns and distribution ratios

are listed in Supplemental Information, Tables S2 and S3.

Glass Transition Temperatures. For density calculations to obtain Tg, 5 ns produc-

tion simulations were run using the equilibrated configurations every 10 K with densities

recorded every 1 ps. Estimates of Tg were formulated by using the densities at each temper-

ature in the broken-stick model via statistically robust bootstrapping. 50,51 Two temperature

ranges were manually specified around the expected Tg (Supplemental Information, Figure

S2) and a best-fit line within each range was fitted with the bound of the range as the start-

ing point and a randomly chosen end-point within the range. The temperature at which the

two best-fit lines intersect was included in the final average Tg if it fell within the described

bounds. A total of 5,000 iterations with randomly chosen end-points were repeated with the

average denoting the calculated Tg for the system.

Structural Properties. The equilibrated configurations from the Tg simulations were

further simulated for 30 ns in the isothermal-isobaric ensemble at 1 bar, and the configura-

tions were saved every 10 ps. The simulations were performed at 310 K, approximately the

human body temperature that is relevant for therapeutic applications. Radial distribution
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functions (RDFs) were computed based on the distance between the centers of mass of the

monomer units and two CBD groups, the hydrophilic resorcinol group and the hydrophobic

alkyl tail. MDTraj Python library52 (version 1.9.7.) was used to process the trajectories and

generate the RDFs using histograms with a bin width of 0.1 Å.

Hydrogen-Bond Analysis. The hydrogen-bond counts were computed using the MD-

Analysis Python library53,54 (version 2.1.0) with hydrogen bonds defined geometrically with

a cutoff angle of 150° and a cutoff distance of 3.5 Å over the same configurations as the pre-

vious section. The average polymer hydrogen-bond counts per volume (nHB) were defined

as the average number of hydrogen bonds that contain a polymer atom per frame divided

by the average box volume in nm3. The cohesive energy densities due to hydrogen bonding

were calculated using55

eHB,IM =
∆evap,HB

v
(1)

where v is the molar volume of the system and ∆evap,HB is the molar heat of vaporization

from hydrogen-bond contributions, calculated using

∆evap,HB =

Nmolecule∑
i=1

ei,HB − eliq,HB (2)

where ei,HB is the sum of pairwise hydrogen-bond energies within the ith molecule in isolation

and eliq,HB is the total pairwise hydrogen-bond energy in the liquid system with periodic

boundary conditions applied, computed every 3 ns for a total of 10 frames per system.

Polymer hydrogen bonds were further categorized by their participating partner (polymer or

CBD). The groups with an average of more than one hydrogen bond per frame at wCBD = 0.2

were included in the visual analysis.

For dynamic hydrogen-bond lifetime analysis, the equilibrated configurations at 310 K

were further simulated in the microcanonical ensemble for 100 ps where the configurations
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were saved every 10 fs. For each analysis window, detected hydrogen bonds at the initial

frame of the window, hij(t0), were tracked every frame for 50 ps to obtain hij(t0 + τ). The

hydrogen-bond autocorrelation function was then calculated for all hydrogen bonds within

each group via

CHB(τ) =
⟨hij(t0) · hij(t0 + τ)⟩

⟨hij(t0)2⟩
(3)

where CHB(τ) denotes the autocorrelation function and τ denotes the time after initial win-

dow frame (τmax = 50 ps). The analysis was repeated with t0 increments of 2.5 ps, totalling

21 iterations to obtain CHB(τ) for each group. The average fraction of hydrogen bonds that

persist was calculated via

P̄∆τ (τ0) =
1

∆τ

∫ τ0+∆τ

τ0

CHB(τ)dτ (4)

where P̄∆τ (τ0) is the average hydrogen-bond recurrence probability, ∆τ is the recurrence

interval length, and τ0 is the initial frame.

Polymer Hydrophobicity Analysis. The hydrophobicity of each polymer was charac-

terized via rotational relaxation time analysis of water molecules near polymer surface. 56

The neat polymer from Tg simulation at 300 K was further equilibrated for 10 ns in a large,

non-periodic box (L = 1,000 Å) with no long-range electrostatic interactions. The equili-

brated polymer pellet was then placed in a box where atoms are at least 15 Å away from

the boundaries to prevent interactions with their periodic images. The water molecules were

placed within a grid outside the polymer pellet with random orientations. The number of

water molecules was chosen to result in a polymer-water mixture density of 1 g/cm3 within

the initial box. The water-pellet systems were initially minimized using the OpenMM mini-

mization algorithm with an energy tolerance of 10 kJ/mol, followed by velocity initialization

at 300 K. The minimized structures were equilibrated in the isothermal-isobaric ensemble
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at 1 bar for 10 ns with simulation settings described in General Simulation Protocols. The

equilibrated configurations at 300 K were further simulated in the microcanonical ensemble

for 100 ps where the configurations were saved every 10 fs.

The orientational autocorrelation functions for water molecules were characterized via 57

Cori(τ) = ⟨P2[u(t0) · u(t0 + τ)]⟩ (5)

where P2 is the second Legendre polynomial, u is the unit vector of the average of two

O-H bond vectors. The orientational autocorrelation functions were calculated for water

populations based on their proximity to the nearest polymer heavy atom with a distance

bin size of 1 Å. Each autocorrelation function was then fit to a biexponential function,

A1e
−t/τ1 + A2e

−t/τ2 , and the rotational time constant for each population was calculated as

τrot = A1τ1 + A2τ2.

3 Results & Discussion

3.1 Relative Extents of Dissolution

To assess the performance of each ASD, we characterize CBD dissolution over time. Fig-

ure 2 displays a spectrum of chemically specific dissolution rates across all ASDs. Cellulosic

polymer systems, HPMCP and HPMCAS, exhibit the most rapid and substantial amongst

this set of polymers. In contrast, PVP and PVP/VA systems are relatively slower and

yield less complete dissolution of CBD within 24 hours. Dissolution of CBD is the slow-

est and least complete in PMMA, resulting in a dissolution extent below 12% in 24 hours.

Overall, the relative ordering of dissolution extents, with cellulosic polymers ranking higher

than pyrollidone-containing polymers ranking higher than PMMA, suggests a clear role of

functional chemistry for CBD dissolution from ASDs.
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Figure 2: Overview of experimental dissolution trends across five amorphous solid dispersions. In vitro dissolution measurements
for spray-dried dispersions of CBD with each polymer performed in FeSSIF at wCBD = 0.2.

3.2 Mixing Behavior Assessed through Composition-dependent

Glass Transition Temperatures

We hypothesized that the relative extents of CBD dissolution could be explained by dif-

ferences in enthalpic interactions between the polymer and CBD. Such differences could

manifest in distinct mixing behaviors in the polymer-CBD ASDs. To initially assess mix-

ing behavior, we examine the composition-dependence of glass transition temperatures, Tg.

Glass transition temperatures of miscible multicomponent polymer systems often obey the

Fox equation:58

1

Tg

=
∑
i

wi

Tg,i

(6)

where wi denotes the mass fraction of component i and Tg,i is the glass transition temper-

ature for i as a pure substance. Eq. (6) presumes uniform and ideal mixing, such that

certain properties (e.g., the specific volume and cohesive energy density) of the mixed sys-

tem are simply additive combinations of the pure substances. Therefore, deviations from the

Fox equation may reflect non-idealities related to the distribution or interaction of system

components.

Figure 3A-E illustrates diverse mixing behaviors in polymer-CBD ASDs based on varia-

tion of Tg with increasing amounts of CBD. The simulated effective Tg appear systematically

higher than corresponding experimental measurements, which we attribute to limitations of
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simulated dilatometry.51,59–61 Apart from this shift, both experiments and simulations show

similar trends. ASDs with pyrrolidone-containing polymers (PVP and PVP/VA) exhibit

positive deviations from the Fox equation (Figure 3A,B), those with cellulosic polymers

(HPMCP and HPMCAS) display negative deviations (Figure 3C,D), and that with PMMA

aligns with the Fox equation (Figure 3E).

Figure 3F indicates that the relative ordering of Tg values in experimental samples pre-

pared via dropcasting or by spray-drying are also nearly identical. This may indicate that

the nanoscale morphologies following either preparation protocol are similar or that the Tg

trends are not remarkably sensitive to any morphological differences, suggesting minimal ki-

netic effects imparted by the processing technique. Because the simulations also necessarily

adopt a different preparation protocol, these findings suggest the trends in Tg are robust

across experimental and simulated systems.

Figure 3: Comparison of glass transition temperatures across five amorphous solid dispersion systems. The experimental (via
DSC of dropcast samples, navy) and computational (via MD, empty circles) glass transition temperatures are plotted against
the weight fraction of CBD (with 0.2 increments) in polymer matrices containing (A) PVP, (B) PVP/VA, (C) HPMCP, (D)
HPMCAS, and (E) PMMA. The data is compared against the Fox equation (dashed lines) representing the ideal mixing trends.
(F) The comparison of Tg values obtained via dropcast and spray drying methods for PVP, PVP/VA, HPMCP and HPMCAS
at a CBD weight fraction of 0.2. The error bars (black) in all panels represent the standard error of the mean from four
independent trajectories and three experiment runs.
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3.3 Relative Polymer-CBD Affinities Revealed by Nanoscale Mor-

phology

Given the consistency between experimental and simulated trends, we now focus on ana-

lyzing the simulated systems to elucidate the chemical origins for differences in apparent

mixing behavior. Figure 4A does not display any remarkable morphological differences that

would suggest propensity for phase-separation or de-mixing based on simple visual inspec-

tion of simulated polymer-CBD configurations for each system. CBD molecules (green)

appear mostly well-distributed throughout the polymer matrices. In simulations, finite-size

effects could inhibit phase-separation;62 however, experimental PXRD data (Supplemental

Information, Figure S1) is also consistent with well-mixed amorphous systems.

Figure 4B-D do reveal minor differences in how CBD is distributed in ASDs at short (<

1 nm) lengthscales. In particular, examining radial distribution functions (RDFs) between

polymer atoms and different groups of the CBD (Figure 4B,C), cellulosic systems are dis-

tinguished by a lack of significant structuring of CBD at distances less than 8 Å whereas

systems containing pyrrolidone feature slight enrichment of CBD, especially the resorcinol

group, in proximity to polymer chains. The lack of structure in cellulosic systems is partly

attributed to the relatively large size of the pendant groups on the constitutional units used

for the RDF analysis. The local environment of CBD molecules is slightly enriched with other

CBD molecules in cellulosic systems relative to those containing pyrrolidone (Figure 4D).

The behavior of PMMA systems usually lies between the two other groups (most evident in

Figure 4C).

Although systems appear macroscopically well-mixed in both simulation and experiment,

the RDF analysis highlights structural trends that are reminiscent of the deviation trends

for Tg in Figure 3. Amongst this set of polymers, PVP and PVP/VA showcase the strongest

affinity for CBD, and these systems exhibit positive deviations from the Fox equation. Con-

versely, the structural signatures in cellulosic systems suggest relatively weaker affinity for

CBD, and these systems exhibit negative deviations from the Fox equation. Last, PMMA is
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an intermediate case, for which there was no notable deviation from the Fox equation.

Figure 4: Overview of macromolecular structure of the simulated polymer-CBD matrices. (A) Snapshots visualizing each of
the equilibrated simulation boxes at 310 K. The solid green structures represent the CBD molecules, the translucent regions
represent the polymer chains and are shown in their respective colors throughout the study. Periodic boundary conditions are
applied for all visuals. (B) Radial distribution functions (RDFs) between the pairs of monomer and CBD group centers of mass.
The visualized groups include monomer-CBD alkyl group (top), monomer-CBD resorcinol group (middle), and CBD resorcinol
pairs (bottom), obtained from 30 ns simulation trajectory at 310 K with a CBD weight fraction of 0.4. The standard error
of the mean from four independent simulations are visualized as error regions for each RDF. Simulation visualizations of the
equilibrated configurations were performed using the Visual Molecular Dynamics (VMD) software 63 (version 1.9.4).

3.4 Characterization of Composition-Dependent Hydrogen-Bonding

Behaviors

To rationalize the apparent relative affinities for CBD in the various polymers, we exam-

ine the role of hydrogen-bonding. Figure 5 visualizes the hydrogen-bonding contributions
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governing the observed mixing behavior within each system. Figure 5A tracks the over-

all number density of hydrogen bonds involving polymer atoms (either polymer-polymer or

polymer-CBD hydrogen bonds), nHB,polymer, as a function of CBD concentration. The data

again illustrates three contrasting sets of behavior between PMMA versus cellulosic poly-

mers versus pyrrolidone-containing polymers. Starting with neat polymers, adding CBD

to cellulosic polymers notably decreases nHB,polymer, while the extent of hydrogen-bonding

increases in PMMA, PVP, and PVP/VA. The latter effect is somewhat trivial, as none of

PVP, PVP/VA, or PMMA can form polymer-polymer hydrogen bonds because they lack

hydrogen-bond donors; however, it is notable that the increase is more striking in PVP and

PVP/VA compared to PMMA. By contrast, cellulosic polymers do form polymer-polymer

hydrogen bonds with the implication that adding CBD disrupts such bonding without effec-

tive replacement with polymer-CBD bonds.

Figure 5B reveals similar trends through changes to the cohesive energy density due

to hydrogen-bonding. Strikingly, the relative deviations from ideal expectations align well

with the derivatives of these quantities with respect to CBD composition when CBD is

the minority component. For example,
(

∂nHB,polymer

∂wCBD

)
T,p

goes from negative for HPMCP

and HPMCAS to weakly positive for PMMA to positive for PVP and PVP/VA, which is the

same order of progression for deviations from the Fox equation. We note that cohesive energy

densities are also commonly related to Hansen solubility parameters, which would seem to

also be an intuitive metric for assessing dissolution and mixing. However, we do not find any

obvious trends with total Hansen solubility parameters (Supplemental Information, Figure

S7). Consequently, we conclude that distinct hydrogen-bonding behavior likely underlies the

mixing trends observed across these ASDs.

3.5 Role of Functional Chemistry on Hydrogen-Bonding Behavior

To better understand the origin of the hydrogen-bonding trends in Figure 5, we analyze

hydrogen-bond contributions from different functional groups in Figure 6. For cellulosic
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Figure 5: Overview of hydrogen-bonding contributions within various ASDs at 310 K. (A) Number of hydrogen bonds per unit
volume involving at least one polymer atom varying with CBD composition. (B) Comparison of the cohesive energy densities
due to hydrogen bonding from all hydrogen-bonding energy contributions in each polymer matrix. Error bars (black) represent
the standard error of the mean from four independent trajectories of 30 ns and are not visible under the markers.

ASDs (Figure 6A,B), most hydrogen bonds involve hydroxyl groups positioned away from

the polymer backbone. Tracking polymer-polymer and polymer-CBD hydrogen bonds with

increasing CBD content reveals saturation of polymer-CBD contributions while polymer-

polymer contributions diminish, explaining the net decrease in Figure 5A. In the remaining

polymers, which possess fewer hydrogen-acceptor sites, the extent of positive deviation from

the Fox equation correlates well with the total number of polymer-CBD hydrogen bonds.

In PVP, such interactions are facilitated through the carbonyl group of the pyrrolidone

(Figure 6C). The same is true for PVP/VA (Figure 6D), which implies that CBD possesses

greater affinity to engage in hydrogen-bonding with the pyrollidone group compared to the

acetate ester. Meanwhile, PMMA (Figure 6E) only engages in hydrogen-bonding through its

acetate ester and features fewer overall hydrogen-bonding interactions relative to PVP/VA.

Collectively, this analysis suggests that hydrogen-bonding between the carbonyl group of

pyrrolidone and CBD is the predominant factor governing positive deviations with the Fox

equation for PVP and PVP/VA, while the disruption of polymer-polymer hydrogen-bonds

in cellulosic polymers underlies their negative deviations.
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Figure 6: Breakdown of hydrogen-bond counts involving various polymer groups at 310 K. Oxygen atoms with at least one
hydrogen bond per frame on average (at wCBD = 0.2) are visualized for (A) HPMCP, (B) HPMCAS, (C) PVP, (D) PVP/VA,
and (E) PMMA. Each plot corresponds to their respective oxygen atoms labeled in the inset chemical structures. Polymer
hydrogen bonds are categorized based on the participant pairs where interactions with other polymer groups are displayed in
solid color, and those with CBD molecules are displayed with hatching. As PVP only has one oxygen atom type, no explicit
labeling is needed. Error bars (black) represent the standard error of the mean from four independent 30 ns trajectories.

3.6 Hydrogen-Bond Dynamics as a Proxy for Interaction Stability

To further understand implications of hydrogen-bonding on system dynamics, we charac-

terize average hydrogen-bond recurrence probabilities P̄∆τ (see eq 4) across the different

polymer-CBD ASDs. We interpret long-lived (high-recurrence) hydrogen bonds as being in-

dicative of strong dynamic coupling and more likely slower dynamics whereas more frequent
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Figure 7: Overview of hydrogen-bond dynamics across five ASDs at wCBD = 0.2 at 310 K. The average hydrogen-bond
recurrence probabilities P̄∆τ are plotted for each hydrogen-bond pair type within every polymer matrix for ∆τ = τ0 = 25
ps. The analyzed pair types include CBD-CBD (cross-hatching), polymer-CBD (forward-slash hatching), and polymer-polymer
(solid). Error bars (black) represent the standard error of the mean from four independent 100 ps trajectories.

exchange of hydrogen-bonding partners implies more rapid molecular dynamics.

Figure 7 displays dynamic trends consistent with hydrogen-bonding contributions via

comparison of recurrence probabilities for different hydrogen-bonding types across each ASD.

Polymer-CBD hydrogen bonds are significantly more static than CBD-CBD hydrogen bonds,

implying a strong dynamic coupling between these polymers and CBD. We suggest that the

presence of the CBD molecules reduces polymer mobility by anchoring chains with stable

hydrogen bonds, resulting in positive enhancements to Tg relative to the Fox equation. The

remaining systems do not possess such stark contrast amongst hydrogen-bond types.

For cellulosic systems, polymer-polymer and polymer-CBD lifetimes are comparable.

However, because lost polymer-polymer hydrogen bonds are not compensated for by longer-

lived polymer-CBD hydrogen bonds, we conclude that the net reduction in hydrogen bonds

involving polymer atoms governs the observed enhanced plasticization relative to the Fox

equation. In PMMA, polymer-CBD hydrogen bonds are more dynamic than in PVP and

PVP/VA. Furthermore, polymer-CBD and CBD-CBD hydrogen bonds are comparable in

recurrence probability. This implies that the dynamic coupling between PMMA and CBD

is similar to that of CBD with CBD, such that dynamic trends arise simply from concen-

tration effects of CBD, consistent with the notion of ideal mixing. The relative dynamic

stability of various hydrogen-bond types thus correlates well with observed mixing trends,

which connect to observed dissolution rates.
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3.7 Competing Effect of Polymer Hydrophobicity on Dissolution

The observed mixing and intermolecular interaction trends largely explain the dissolution be-

havior observed in various ASDs. However, the conclusions from experiment and simulation

suggests that PMMA ASDs containing weak polymer-CBD interactions should have a high

CBD dissolution rate, conflicting with the observation in Figure 2. The high water content

of the FeSSIF dissolution media suggests that polymer hydrophobicity may play an impor-

tant role in the dissolution mechanism. Rotational relaxation time of water molecules near

polymer surfaces has been recently suggested as a measure of polymer nanoscale hydropho-

bicity.56 High relaxation times indicate stronger polymer-water interactions that restrict the

motion of water molecules, suggesting hydrophilicity. In contrast, fast orientational relax-

ation near polymer surface is observed due to the lack of strong forces acting on the water

molecules by the polymer chain, suggesting hydrophobicity. We specifically examine the

dynamics of water molecules within 8 Å of a solvated polymer pellet (Figure 8A).

Figure 8B highlights the importance of polymer hydrophobicity on dissolution behavior

that cannot be explained purely by analysis of polymer-CBD interactions. The mean rota-

tional relaxation times of water molecules as a function of distance from the nearest polymer

for each system vary at low distances. PMMA displays the lowest relaxation times across all

systems, indicating its high hydrophobicity. PVP and PVP/VA are the most hydrophilic of

all systems, followed by the cellulosic polymer ASDs, HPMCP and HPMCAS. Comparison

of dissolution and hydrophobicity trends show that polymer hydrophobicity alone does not

explain the dissolution behavior. This suggests competing effects between polymer-CBD and

polymer-water interactions on the extent of dissolution: polymers that form strong hydrogen

bonds with the CBD molecules also strongly interact with water. In the case of PMMA,

the effect of weak polymer-water interactions dominate that of weak polymer-CBD inter-

actions, resulting in low CBD dissolution. Inclusion of polymer hydrophobicity provides a

complete picture of the factors governing the observed dissolution behavior in which both

polymer-water and polymer-API interactions play an important role.
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Figure 8: Characterization of polymer hydrophobicity via water dynamics surrounding solvated polymer pellets. (A) A repre-
sentative simulation snapshot illustrating water molecules within 8 Å of any polymer atom. The specific system shown is for
PVP. For explicitly represented waters, oxygen atoms are in red and hydrogen atoms are white. The polymer surface is depicted
as a gray surface. The transparent blue surface highlights the presence of water molecules that are beyond the 8 Å threshold.
(B) The relative rotational relaxation time constants for water molecules as a function of distance from various polymers. All
data is for 300 K. Markers indicate the mean rotational relaxation time constants for water molecules that lie between two
distance bounds (gray, solid lines) with distances based on the nearest heavy atom on the polymer. The black dotted line is a
reference to the time constant obtained from a pure water simulation at 300 K. Error bars represent the standard error of the
mean from four independent 100 ps trajectories and are generally smaller than the marker size.

4 Conclusions

We investigated polymer-CBD interactions that give rise to distinct mixing behaviors in a

variety of ASDs. Experimental and computational findings reveal that PVP and PVP/VA

exhibit positive deviations from ideal mixing behavior in contrast with the negative devia-

tons observed in the cellulosic systems, HPMCP and HPMCAS. The results also show that

PMMA remains in line with ideal mixing predictions. Detailed analysis of the polymer ma-

trix structures and hydrogen-bonding characteristics and dynamics elucidate the origins of

specific mixing behavior. Distinct water dynamics trends from polymer-water simulations

highlight the negative impact of polymer hydrophobicity that results in poor dissolution of

CBD in the PMMA systems. We conclude that the distinct mixing behavior in the inves-

tigated ASDs is primarily governed by the distinct hydrogen-bond groups on the various

polymers. Polymers containing hydrogen-bond donors form a stable polymer-polymer inter-

action network disrupted by the CBD molecules.

This study provides a deeper understanding regarding how polymer-API interactions,

particularly polymer-CBD interactions, can affect mixing mixing trends in ASDs and disso-

lution rates. Polymers containing only hydrogen-bond acceptors display a net increase in the

polymer-CBD hydrogen bonds that anchor the chains, resulting in a higher Tg than predicted
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by the Fox equation. ASDs that weakly interact with the CBD molecules exhibit neither ef-

fect and follow the ideal mixing trends. Nevertheless, these mixing trends do not completely

explain observed dissolution rates, which required additional consideration of hydrophobic-

ity effects. These insights can inform the design of materials for drug-delivery in future

pharmaceutical applications; however, the presence of competing effects renders outcomes

difficult to anticipate. Nevertheless, the capability to elucidate experimental trends through

the presented analyses provides a viable pathway for computationally guided formulation

optimization. Future work may aim to understand how the relative importance and balance

of polymer-API, polymer-water, and API-water interactions influence dissolution. In this, it

may be interesting to consider whether this balance is a strong function of conditions, such

as temperature or pH.
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